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How true to the die can a molding be? 


Use Philblack* A and you will see! 


Just how perfect can you get? Phil- 
black A helps rubber come clean from 
the mold, exactly as you want it! 
Thin, precision edges. Intricate 
shapes! Glossy surfaces. 

In addition, desirable resiliency 
plus smooth, fast tubing qualities 
make this black a favorite with man- 


ufacturers of inner tubes. Suppleness 
and pliancy of uncured stock is re- 
tained after vulcanization. 

Use Philblack A in natural, GR-S, 
reclaim and low temperature poly- 
mers. Shipped in bags or in bulk in 
hopper cars specially designed for 
swift, easy unloading. 


PHILLIPS CHEMICAL COMPANY 


PHILBLACK SALES DIVISION 


EVANS BUILDING - AKRON 8, OHIO 


PHILBLACK EXPORT SALES DIVISION 
80 BROADWAY, NEW YORK §, N. Y. 


Philblack A and Philblack O are manufactured at Borger, Texas. 
Warehouses in Akron, Boston, Chicago and Trenton. 
West Coast agent: Harwick Standard Chemical Company, Los Angeles 


Canadian agent: H. L. Blachford, Ltd., Montreal and Toronto. 
*A Trademark 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at special rate of — provided for in paragraph (d-2), 
Section 34. "40, P. L. and R. of 1948, por = Pood September 25, 
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WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 


206 MADISON AVENUE, NEW YORK 17. N.Y. 


LOS ANGELES + BOSTON + CHICAGO + HOUSTON 
CLEVELAND + SAN FRANCISCO + AKRON 
LONDON AND MANCHESTER, ENGLAND 
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Zinc Oxide 
Stearic Acid 
Petroleum Softener 
Antioxidant 
Sharples Ac 
WULTAC #2 


Modulus at 300% E 
Tensile Strength 
Elongation 
Durometer Hardness 
Crescent Tear 


Modulus at 300% E 
Tensile Strength 
Elongation 
Durometer Hardness 
Crescent Tear 


Use the coupon sample of Vultac #2 and 
A-52 giving more qbout this tyPe of com, 


a sues 
OF Tm 
PENN 


Nortin, Hoyt & Milne Inc San 


Chicago 106 Main St. 


Shawinigan Chemi concise bes Angeles 
cals, itd Seattle 
Portland 


Airco Com 
pany Internotionol 
_ New York 


VULTAC #2 
FOR IMPROVED PROPERTIES OF SULFURLESS cures 

GRS-S 100 100.0 100.0 

35 

2.0 2.0 

10.0 10.0 

1.0 1.0 a 

gator §2-9 3.0 1.5 
Cured 45 minutes at 280°F a 

1325 psi 1150 psi a 
2675 psi 2925 psi ae 

500% 600% 
210 lb./in. 290 lb. /in- 

Aged 4 Doys 212°F 

in Air Oven 
2050 psi 2080 psi | 

2475 psi 2825 psi | 

170 lb./in- 220 tb./in- 

pata Sheet 

W/ 5. Brood Street, Phitedeiphie % 

Please send: Sample of Vultac #2 Data Shoot A-S2 
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Dropping directly from the Banbury to the mill, this 


CHEMIGUM P 


Mooney Plasticity (smell retor) @ 212° F. 


d easily, — 


Minutes Bonbury Mixing Time @ 300° F. 


BANBURY BREAKDOWN—CHEMIGUM vs. NITRILE RUBBERS 


SAVE TIME— SAVE TROUBLE 
with easier processing 


Pound for pound of acrylonitrile con- 
tent, no other nitrile rubber is easier to 
process either on the mill or in the 
Banbury than CHEMIGUM—Goodyear’s 
use-proved, easier-mixing rubber. 


With CHEMIGUM, you get all the gaso- 
line, oil and solvent resistance of the 
nitrile rubbers — and low swell, high 
tensile strength and excellent abrasion 
resistance as well. 


CHEMIGUM is being extruded, calendered 


We think you'll like 


and molded—CHEMIGUM Latex is being 
used in saturants, impregnants and 
coatings. For the easiest kind of pro- 
duction write today for details to: 


Goodyear, Chemical Division 
Akron 16, Ohio 


Chemigum, Pliobond, Pliolite, Pliovic— 
T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 


GHEMICAL 
-GOOD*“YEAR 


“THE GREATEST STORY EVER TOLD Re IV | SION 


Every Sunday — ABC Network 
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Use-Proved Prodocts - CHEMIGUM - PLIOBOND - PLIOLITE - PLIOVIC - WING-CHEMICALS - The Finest Chemicals for inéestry 
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reduce scorch with SULFASAN R 


Monsanto Research has developed Sulfasan R, a 
sulfur-bearing material which gives great freedom 
from scorch in compounds such as natural rubber 
treads loaded with HAF blacks. This is brought 
about because Sulfasan R, which has good stability 
at ordinary processing temperatures, breaks down 
at curing temperatures and liberates sulfur for 
vulcanization. 


Some regular sulfur can be used with Sulfasan R 
and still maintain freedom from scorch, except 
under extremely severe processing conditions. 
Stocks containing Sulfasan R age well. White stocks 
in which Sulfasan R is used are not discolored. 


For further information on Sulfasan R, write or 
phone MONSANTO CHEMICAL COMPANY, Rub- 


ber Chemical Sales, 920 Brown St., Akron 11, Ohio. 
Sulfasan: Reg. U.S. Pat. Off. 


A NEW EDITION of “Monsanto Chemicals for 
the Rubber Industry’’ is ready for distribution. 
If you have not received your copy, write for it. 
It will be sent without cost or obligation to you. 
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Serving Industry... Which Serves Mankind 
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It takes foresight and preparedness to avoid 
troublesome situations. When you fail to ade- 
quately protect your company with a long-range 
supply of top quality channel black, you may be 
inviting trouble. 


You can depend on Sid Richardson Carbon Co. 
for a continuing supply of TEXAS CHANNEL 
BLACKS. The world’s largest channel black 
plant and our own available, nearby resources en- 
able us to assure your present and your future 
requirements. 
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FORT WORT 
GENERAL SALES OFFICES 
EVANS — BUILDING 
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AS A 
QUALITY 
ECONOMICAL RESIN 
IN RUBBER COMPOUNDING 


PANAREZ hydrocarbon resins are effective and inexpensive for 
rubber compounding. They have low specific gravity - Low odor 
- Show no effect on cure - There is a marked improvement in 
processing - Longer flex life - Greater abrasion resistance - 
Better color stability - Electrical characteristics are excellent. 
Prompt shipments made in carload or single drum quantities. 


Write for samples. 


Softening 
Point, °F 


Specific 
Gravity 


PANAREZ 3-210 


200-220 


1.049 


PANAREZ 6-210 


200-220 


1.106 


PANAREZ 12-210 


200-220 


1.054 


PAN AMERI 


ON 


122 EAST STREET 


PAN AMERICAN WOM VA 
American Refining Corp. 


N 


NEW YORK 17, N. Y. 
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49% Better Wear than Standard HAF 


GODFREY L. CABOT LINC. 


BOSTON 10, MASS. 
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You can save money, speed up your reclaiming operations 
and, at the same time, increase quality with Du Pont RR-10. 
Its action is so powerful that less reclaiming oil is required; 
the reclaims are smooth and have good tack. 


The range of elastomers handled by RR-10 is impressive, 
too. Natural rubber and GR-S, or mixtures of these, can be 
reclaimed quickly and economically. Du Pont RR-10 is also 
being used successfully on neoprene, buna N, and mixtures 
of GR-S and high styrene resins. It is used with equal success 
in the pan and zinc chloride process and is excellent for ban- 
bury reclaiming operations. Unlike most other chemical 
reclaiming agents, RR-10 is also effective in the alkali process. 


Whatever your operation —full-scale production or a little 
reclaiming on the side to keep costs down—Du Pont RR-10 
can be of value to you. If you have not already evaluated it, 
send for a sample today. A factory trial is the best method of 

getting acquainted with this effective, versatile reclaiming 
agent. For complete information, write or call our nearest 
Les Angeles 1, Col., 845 60th St, ADoms 35706 district office. 
Mew York 13, Y., 40 Worth St., COrtlendt 7.3906 © 
Wilmington 1007 Market St., Wilm. 45171 


Akron Obie, 40 £. Bechtel Ave., HEmiock 


DU PONT RUBBER CHEMICALS 


E. 1. du Pont de Nemours & Co. (Inc.), Wilmington 98, Del. 


BETTER THINGS FOR BETTER LIVING... THROUGH CHEMISTRY 
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chemicals for 
the rubber industry 


ACCELERATORS 

Thiazole 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined—Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 

Guanidine 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 


ANTIOXIDANT 


Antioxidant 2246* 
(Non-staining, non-discoloring type) 


PEPTIZER 
Pepton® 22 Plasticizer 


RETARDER 
Calco Retarder P.D. 


STIFFENING AGENT 
Calco S.A. 


SULFUR 
Rubber Maker’s Grade *Trade-mark 


Cale: 
AMERICAN Ganamid COMPANY 


CALCO CHEMICAL DIVISION 
INTERMEDIATE & RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY, U.S.A. 
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Start the New Year Right 


BY CALLING ON . CHEMICAL 


WG 


TO PROCESS—ACCELERATE—PROTECT 
YOUR RUBBER PRODUCTS 


ee eee 


PROCESSING LAUREX, activator BWH.-1, plasticizer 


Kralac A, high styrene resin ESEN, retarder 


ACCELERATING tniazoLes—mBT - MBTS - OXAF 
THIURAMS—MONEX + TUEX + PENTEX 
DITHIOCARBAMATES—ARAZATE « BUTAZATE + ETHAZATE « METHAZATE 
ALDEHYDE AMINES—BEUTENE + HEPTEEN BASE + TRIMENE BASE 
XANTHATES—CPB - ZBX 
SPECIAL ACTIVATORS—DBA + GMF - VULKLOR - DIBENZO GMF 


PROTECTING anTIOXIDANTs 


AMINOX + ARANOX + BLE-25 + FLEXAMINE + BETANOX SPECIAL 


NEW! CELOGEN—Blowing Agent For Rubber and Plastics 


Naugatuck Chemical 
tw United. States Rubber Company 
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NEVILLE} Coumarone Resins 


You can improve product quality and save in production 
costs with Neville Resins. These coumarone resins are extender- 
plasticizers, which will not lower hardness, tensile, modulus or tear. 

They come in grades of various melting points and colors. 

Let us give you the benefit of years of research and experience 
on your rubber production problems, and help you select the right 
grade for your purpose. 


THE NEVILLE COMPANY PITTSBURGH 25, PA 


Plants at Neville Island, Pa., and Anaheim, Cal. 


BBER PRODUC 

p | 
10 Cualp slandaras 

“4 

wil 

13 


NEW SUN PROCESS AID 
IMPROVES QUALITY 
TIRE TREADS 


SUNDEX-4 


1. Helps prevent scorching during mixing, milling and extruding. 


2. Aids dispersion of compounding ingredients. 


3. Reduces power consumption. 


4. Contributes to improved wear resistance and flex life of cured products. 


5. Speeds processing of oil-extended GR-S polymers. 


THIS COUPON WILL BRING YOU COMPLETE DETAILS 


Send for our special bulletin on Sundex-41. It 
SUN OIL COMPANY contains detailed reports on laboratory-scale 
Dept. RC-10 


Philadelphia 3, Pa. 


and factory-scale mixing and milling runs of 


cold-rubber stocks. Helpful data on recipes, 
order of mixing, processing procedures, and 


Please send me a copy of your special 
bulletin on the new Sun rubber-process 
aid, Sundex-4]. 


physical properties of cured and uncured 


specimens are included. 


Name 


Title 


SUN INDUSTRIAL PRODUCTS 
SUN OIL COMPANY, PHILADELPHIA 3, PA. 
SUN OIL COMPANY, LTD., TORONTO & MONTREAL 
14 


City. Zone___ State. 
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CARBON BLACKS 


for RUBBER COMPOUNDING 


SAF (Super Abrasion Furnace) 
STATEX-125 


HAF (High Furnace) 
STATEX-R 


MPC (Medium Processing Channel) 
STANDARD MICRONEX 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 
STATEX-B 


FEF (Fast Furnace) 
STATEX-M 


HMF (High sce Furnace) 
STATEX-93 


SRF Furnace) 
FURNEX 


COLUMBIAN COLLOIDS - 
COLUMBIAN CARBON CO. ¢ BINNEY & SMITH CO. 


MANUFACTURER DISTRIBUTOR 
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Chairman....JAcCK FrLpMAN (Inland Manufacturing Division, General 
Motors Corp., Dayton). Vice-Chairman....GrorGe (Johnson Rubber 
Co., Middlefield). Secretary....R. J. Hoskin (Inland Manufacturing Division 
General Motors Corp., Dayton). Treasurer....DayLE BucHANAN (Inland 
Manufacturing Division, General Motors Corp., Dayton). (Terms expire 
December 31, 1952.) 


Wasuineton, D. C. 


Chairman....NORMAN BEKKEDARL, National Bureau of Standards. Vice- 
Chairman....GeorGE M. Riverre, Goodyear Tire and Rubber Co., Secre- 
tary....Witu1am J. McCarruy, Synthetic Rubber Division, Reconstruction 


Finance Corporation. Treasurer....JuaAN C. Monrermoso, Office of the 
Quartermaster General. Recording Secretary....ETHEL Levine, Navy Bureau 
of Ships. 


SPRING MEETING OF THE DIVISION OF RUBBER CHEMIS- 
TRY, CINCINNATI, OHIO, APRIL 30 TO MAY 2, 1952 


The 60th Meeting of the Division of Rubber Chemistry was held in Cin- 
cinnati, April 30 to May 2, 1952, with headquarters at the Hotel Netherlands 
Plaza. 

The meeting was attended by about 850 registered members and guests. 

The 25-Year Club met, under the Chairmanship of A. C. Eide, with 150 
members present at the luncheon. The Banquet in The Hall of Mirrors, 
Netherlands Plaza Hotel, was attended by 550. Mayor C. W. Rich of Cin- 
cinnati, Senator Estes Kefauver, and Harold E. Stassen spoke. Dr. W. L. 
Semon presided at the sessions, and at the Banquet announced that the Charles 
Goodyear award had been made to H. E. Simmons, formerly President of the 
University of Akron. 

The following papers were presented: 

Chlorosulfonated Polythene. I. A New Elastomer. R. E. Brooks, D. E. 
STRAIN, AND A. McA.evy (E. I. du Pont de Nemours & Co., Wilmington, Del.). 
Chlorosulfonated Polythene. II. Metal Oxide Curing Systems. M.A.Smoox, 

I. D. Rocue, W. B. O. G. Younaquist I. du Pont de 

Nemours & Co., Wilmington, Del.). 
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Chlorosulfonated Polythene. III. Organic Curing Agents. W. F. Busse 
AnD M. A. Smoox (E. I. du Pont de Nemours & Co., Wilmington, Del.). 

Permeability of Rubber to Organic Liquids. Witt1am J. MuELLER (Battelle 
Memorial Institute, Columbus, Ohio). 

The Relationship Between the Modulus of Reinforced Rubber Compounds and 

the Physical Properties of Various Carbon Blacks. M. L. SrupEBAKER 
(Phillips Chemical Co., Bartlesville, Okla.). 

Alkaryl Sulfonates as Conditions in Wet Twisting Cotton Tire Cord. J. C. 
AMBELANG, J. A. SHortron, G. W. GootrscuHa.k, H. P. STEVENS, AND G. E. 
P. Smiru, Jr. (Firestone Tire & Rubber Co., Akron, Ohio). 

The Use of the Beta Ray Gauge in the Rubber Industry. Gerorce B. Foster 
(Industrial Nucleonics, Columbus, Ohio). 

Hydrocarbon Composition of Rubber Processing Oils. Strewarr S. Kurtz, 
Jr., G, Martin (Sun Oil Co., Norwood, Pa.). 

The Effects of Oils in Rubber. Ira Witutams (J. M. Huber Corp., Borger, 
Tex.). 

Reclaiming Agents for Synthetic Rubber. II. R. R. Bennert, H. E. AtBert, 
J. C. AMBELANG, W. 8. Cook, O. E. P. Smiru, Jr., ano F. J. Wess (Fire- 
stone Tire and Rubber Co., Akron, Ohio). 

Ebonite from Hevea Latex. R.Houw1nk anv J. W. F. van’? Wout (Rubber- 
Stichting, Delft, Holland). 

Polymerization Stopping Agents. C. J. ANTLFINGER AND C. H. LuFrer 
(B. F. Goodrich Chemical Co., Akron, O.). 

Physical Properties of Sodium-Catalyzed Polymers. W. K. Tarr, M. H. 
Reicu, R. E. Scunerper (Government Laboratories, University of 
Akron). 

Polymerization Reactions with Alfin Catalysts. H. LeveRNeE WILLIAMS AND 
R. A. Stewart (Polymer Corporation Ltd., Sarnia, Ontario, Canada). 
Bound Rubber Formation in Diene Polymers. P. B. Stickney, E. E. Mc- 
Sweeney, W. J. Muevier, ano S. T. Patincuak (Battelle Memorial 

Institute, Columbus, Ohio). 

Bound Rubber and Physical Properties of Diene Polymers. §S. T. PALINCHAK, 
E. E. McSweeney, W. J. Muevier, P. B. Stickney (Battelle Me- 
morial Institute, Columbus, Ohio). 

Lead, Copper, and Bismuth Oxides as Aids in the Vulcanization of Coprecipi- 
tates of Natural Rubber and Lignin. T. R. Grirrin anp D. W. Mac- 
GREGOR (National Research Council, Canada). 

A Study of the Oxidation of Rubber by Means of the Isotopic Method. A. D. 
KirscHENBAUM AND A. G. Srrena (The Research Institute of Temple 
University and Lee Rubber & Tire Co.). 

Effect of Oxygen Concentration on the Aging of Rubber Vulcanizates. I. The 
Effect of Partial Pressure of Oxygen on the Rate of Oxygen Absorption. 
Wituam L. Cox anp J. Retp SHELTON (Case Institute of Technology, 
Cleveland, Ohio). 

Effect of Oxygen Concentration on the Aging of Rubber Vulcanizates. II. 
The Effect of the Partial Pressure of Oxygen on the Changes in Physical 
Properties Accompanying Oxidation. J. Rem SHELTON aND WILLIAM 
L. Cox (Case Institute of Technology, Cleveland, Ohio). 

Products of Oxidation of an Olefin Structurally Related to GR-S. G. R. 

MircHE Lt (Olin Industries, New Haven, Conn.) anp J. Rerp SHELTON (Case 

Institute of Technology, Cleveland, Ohio). 
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A Water Bomb for Studying the Oxidation of Elastomers. Wma. M. Haines, 
Jr. AND H. H. GitumMan (Gates Rubber Company, Denver, Colo.). 

Photomicrography of Progressive Ozone Cracking in Rubber Stocks. W. G. 
Mayes AnD Marte L. Barzan (Chemical and Physical Research Labora- 
tories Firestone Tire & Rubber Co., Akron, Ohio). 

An Apparatus for the Evaluation of Ozone Protective Agents for Elastomers 
under Dynamic Conditions. K. E. Creep, Jr., R. B. Hitt ,anp J. W. 
BreED (Monsanto Chemical Company, Nitro, West Virginia). 


FALL MEETING OF THE DIVISION OF RUBBER CHEMISTRY 
BUFFALO, N. Y., OCTOBER 29-31, 1952 


The 61st Meeting of the Division of Rubber Chemistry was held in Buffalo, 
October 29-31, 1952, with headquarters at the Hotel Statler. 

The total registration was 806 members and guests. 

The meeting started with a luncheon of the 25-Year Club, under the Chair- 
manship of H. F. Van Valkenburgh, at which 160 members were present, and 
11 new members were welcomed. 

On Thursday afternoon various plants were visited, including the Socony 
Vacuum Co., Sylvania Electric Products Inc., U. 8. Rubber Reclaiming Co., 
Carborundum Co., and Niagara Mohawk Power Co. A Supplier’s Cocktail 
Party, with J. H. Nesbit in charge, preceded the Banquet of the Division, 
which was attended by 650. 

At the Business Meeting, R. A. Emmett, Chairman of the Teller’s Com- 
mittee, announced the result of the election for officers and directors: Chair- 
man, 8. G. Byam; Vice-Chairman, J. C. Walton; Secretary, C. R. Haynes; 
Treasurer, A. W. Oakleaf. Directors: Director-at-Large: R. B. Stringfield; 
Akron, C. A. Ritchie; Boston, J. L. Haas; Buffalo, C. O. Miserentino; Chicago, 
A. E. Laurence; Fort Wayne, C. S. Yoran; Los Angeles, G. W. Miller; New 
York, G. N. Vacca. 

John Hoesly stated that the total membership of the Division was, at the 
time of the meeting, 3247, an increase of more than 350 since the end of 1951. 

Section II of the Bylaws was amended, raising the dues of members to 
$4.00 and of associates to $6.50; Section IX was amended, raising subscriptions 
to $7.50. 

Three more revisions of the Bylaws were voted by the Executive Committee; 
(1) alternate for absent director to be the defeated candidate, or, if he is not 
available, some other member, who must be approved by the Chairman; (2) 
Councillors shall be full-voting members of the Executive Committee; (3) 
terms of the Councillors shall be three instead of two years, the terms not 
to run concurrently. 

W. L. Semon was elected Councillor for three years, beginning January 1, 
1953, with H. I. Cramer as alternate. 

The death of two of our members was announced: W. 8. Calcott, E. I. du 
Pont de Nemours & Co., and W. W. Higgins, United Carbon Co. 

The 1953 meetings are to be March 18-19 in Los Angeles; May 27-29 in 
Boston, and September 9-11 in Chicago. In 1954 meetings will bes April 
11-16 in Louisville, Ky., and September 15-17 in New York. 

The following papers were presented: 

A Study of GR-S Synthetic Rubbers Extended with Rosin Type Acids. L. H. 
How .anp, J. R. ReyYNoups, R. L. Provost (U.8. Rubber Co., Nauga- 
tuck, Conn.). 
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The Effect of Chemical Composition of Petroleum Processing Oils on the Physi- 
cal Properties of Oil-Enriched Rubbers. K. V. Weinstock (General Tire 
& Rubber Co., Akron), E. B. Story (Polymer Corp., Sarnia, Canada), 
anp J. 8. Sweevy (Sun Oil Company, Norwood, Pa.). 

Effect of Various Oils in the Oil-GR-S Masterbatch on the Breakdown of the 
Polymer. W. K. Tart, June Duke, A. D. Snyper, M. FELDON, anp 
R. W. Launprie (Government Laboratories, Univ. of Akron, Ohio). 

The Processing of Oil-Extended and LTP GR-S Black Masterbatch. H. L. 
Ericson AnD L. D. Carver (Witco Chemical Co.). 

Preparation, Properties, and Evaluation of Diazo-Initiated Polymers. J. M. 
Wiuus, GLEN B. L. Jounson, anp W. M. Orro (Firestone Tire 
& Rubber Co., Akron, Ohio). 

Nonionic, Anionic, and Cationic Emulsifiers in Butadiene-Styrene Copoly- 
merizations. D. A. Beapett, R. L. Maynew, R. C. Hyarr (General 
Aniline & Chemical Corp.), A. F. Hetin ano J. M. Gyence (Government 
Laboratories, University of Akron), and J. H. Boyp (Consultant). 

Peroxides from Autoxidized Methyl Oleate and Linoleate as Initiators in the 
Preparation of Butadiene-Styrene Synthetic Rubber. DanieL Swern, 
JoserpH E. Coteman, ano H. B. Knicur (Eastern Regional Research 
Laboratories, Pa.), K. T. Zitcu, H. J. Dutton, anp J. C. Cowan (Northern 
Regional Research Laboratories, Ill.), anp J. M. Gyence (Government 
Laboratories, University of Akron). 

Tensile Properties of Films from GR-S Latex Polymerized at Low Tempera- 
tures. R. W. Brown, W. E. Messer, anp L. H. Howtanp (U. 8. Rubber 
Co., Naugatuck, Conn.). 

A Study of Electrical Contact Potentials Produced During Banbury Mixing. 
R. 8. L. E. Cartson, H. F. Emery, J. J. RANKIN (St. 
Joseph Lead Co., Monaea, Pa.). 

Active Carbons as Antistain Agents for Reclaimed Rubber. J. J. KerLen 
W. K. DouGuerty (West Virginia Pulp & Paper Co., Charleston, 8. C.). 

Blends of Chlorosulfonated Polythene with Butadiene-Styrene Polymers. W. 
J. Remineton, J. J. ONDREJCIN, AND GeorGE H. Bowers (E. I. du Pont 
de Nemours Experimental Station, Wilmington, Del.). 

Ozone-Resistant Chlorosulfonated Polythene Blends. R. T. Currin, W. J. 
Remineton, AND W. B. Crark (E. I. du Pont de Nemours Experimental 
Station, Wilmington, Del.). 

Compounding of Silicone Rubber. II. Watrer B. Spencer, WiLuiam B. 
Davis, AND F. L. Kitsourne, Jr. (Connecticut Hard Rubber Co.), anp 
Juan Montermoso (Office of The Quartermaster General, Washington, 
D. C.). 

Purehase and Inspection Standards for Dry Natural Rubber. W. J. Sears 
(Rubber Manufacturers’ Association, New York) anp C. O. MISERENTINO 
(Dunlop Tire & Rubber Co., Buffalo). 

Charles Goodyear Lecture, “Out of the Past.” H E. Simmons. 

Characterization of Cord Fatigue in Tires. K. R. WrtuiaMs, J. W. HANNEL, 
AND J. M. Swanson (E. I. du Pont de Nemours & Co., Richmond, Va.). 

Study of the Factors Affecting the Friction of Tread Compounds on Ice. 
C. 8S. Witkinson, Jr. (Goodyear Tire & Rubber Co., Akron, Ohio). 

Behavior of Motor-Mounting Compounds Under Continuous Shear Load. 
G.I. Hany, F. 8. Conant, anp J. W. Liska (Firestone Tire & Rubber Co., 
Akron, Ohio). 
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Electrical Conductivity of Rubber Carbon-Black Vulcanizates. B. B. 8. T. 
BoonsTRA AND E. M. DANNENBERG (Godfrey L. Cabot Co., Boston). 

Cross-Linking in Natural-Rubber Vulcanizates. H. E. Apams anp B. L. 
JoHNSON (Firestone Tire & Rubber Co., Akron, Ohio). 

Chemical Analysis of GR-S by Complete Solution Procedures. Freperic J. 
Linnic, JEAN M. Peterson, Dempy M. Epwarps, AND WALTER L. 
ACHERMAN (National Bureau of Standards, Washington, D. C.). 

A Quantitative Study of the Reaction of Ozone with GR-S Rubber and Various 
Antioxidants. E.R. Erickson, R. A. BERNTSEN, AND E. L. (August- 
ana Research Foundation, IIl.). 

The Permeability of Different Elastomers. A.D. KirsHensauM, A. G. StRENG 
(Research Institute of Temple University), anp W. B. Dunuap, Jr. (Lee 
Rubber & Tire Corp., Conshohocken, Pa.). 

Vulcanization Using Sulfur 35. I. AverBacH (Goodyear Tire & Rubber Co., 
Akron, Ohio). 

Discussion of the Triangular-Phase Diagram for Copolymer Solvent Systems. 
F. W. Boaas (General Laboratories, U. S. Rubber Co., Passaic, N. J.). 
Second-Order Transition Temperature of Butadiene Copolymers. R. H. 

GERKE (General Laboratories, U. S. Rubber Co., Passaic, N. J.). 


C. R. Haynes, Secretary 
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VIBRATION CHARACTERISTICS 
OF TREAD STOCKS * 


Kk. E. Gur, C. 8. Witkrnson, Jr., 8. D. GEHMAN 


Tue Goopyear Tire AND RusBer Co., Akron, 


One of the most distinctive features of the vibration of tread stocks is a 
dependence of the dynamic modulus and internal friction on the amplitude. 
This has been consistently observed over a wide range of experimental condi- 
tions.'. For gum stocks, these effects are so small that they have usually es- 
caped detection. However, analogous effects with gum stocks of a magnitude 
of a few per cent have been reported, and it is very probable that they exist. 
In contrast, nonlinear vibration characteristics for tread stocks are so pro- 
nounced that they must be taken into account in any dynamic testing procedure 
for evaluating tread compounds, and also in any precise effort to estimate the 
effective hardness of tire treads on the road. 

These phenomena with tread stocks are of particular interest because of 
their puzzling nature, the difficulty in formulating any exact explanation for 
them, and the possibility that a better understanding of them may lead to new 
information on molecular deformation mechanisms and structural details of 
tread stocks. 

The more obvious explanations to account for a decrease of modulus and 
internal friction with increasing amplitude of vibration of tread stocks have 
been ruled out by experimental work which has been reported. That it is not 
due primarily to a temperature rise of the test-piece is indicated by the experi- 
ments of Stambaugh?, Gehman’, and Waring‘. . The fact that the effect occurs 
for shear vibrations’, as well as for compression vibrations®, eliminates any 
association of the effect with nonlinear static stress-strain characteristics. 
More evidence on these points will be given in the present paper. The occur- 
rence with shear vibrations also excludes any explanation based on volume 
changes at small deformations’. 

The effect of the time schedule or deformation history on the amplitude 
effects has been studied in several investigations’. This aspect of the phe- 
nomena points to structural mechanisms analogous to those which occur in col- 
loidal systems showing structural viscosity. Additional reasons for this point 
of view will be presented, and an attempt will be made to develop the ideas 
more specifically than has been accomplished heretofore. 


METHOD 


All compression and shear experiments were made using the Goodyear 
Vibrotester. Since the apparatus and theory involved in its application and 
the procedure employed have been discussed in previous articles*, no extended 
discussion will be given here. While the instrument is capable of being oper- 

* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 720-723, April 1952. 
This paper represents work carried out under the sponsorship of the Office of Rubber Reserve, Reconstruc- 
tion Finance Corporation, in connection with the Government a rubber program. It was pre- 


sented before the Division of Rubber Chemistry of the American Chemical Society at the Diamond Jubilee 
Meeting of the Society, New York, N. Y., September 4-7, 1951. 
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ated over a frequency range of 20 to 200 cp., all measurements reported here 
were made in the range of 55 to 65 cp. unless otherwise specified. Variation in 
modulus and resilience over this limited range of frequencies is negligible. 
However, as internal friction varies approximately inversely with frequency, 
all values for internal friction have been reduced to equivalent values at 60 cp. 
for purposes of comparison. 

For several special experiments in which extremely small amplitudes of 
vibration were used, it became necessary to modify the Vibrotester by replacing 
the optical system for indicating amplitude with an electrical system. An 
inertia type of piezo-electric crystal vibration pickup was mounted on the driv- 
ing axis in such a way that a voltage would be produced as the samples were 
oscillated. This voltage was amplified and measured by means of an electronic 
voltmeter. 

This crystal pickup was calibrated against the regular optical system and 
the curve extrapolated to the low range desired. 


COMPOUNDS USED 


Most of the work was done using GR-S compounds, although several Hevea 
compounds were studied for comparison. Formulations are given in Table I. 
Best cures were used as indicated by ordinary tensile tests. 


EXPERIMENTAL RESULTS 


When a tread type of compound is vibrated over a range of increasing am- 
plitudes and its dynamic modulus plotted as a function of amplitude, a curve 
such as that in Figure 1 is obtained. A part of the softening is due to the in- 
crease in temperature of the sample. An approximate correction for this can 
be found by combining the results of two separate experiments. First the 
temperature rise in a sample is measured by means of a thermocouple as its 
amplitude of vibration is increased. Then, in a second experiment, the sample 
is vibrated at a constant low amplitude as the ambient temperature is raised an 
amount corresponding to the increase shown in the first experiment. The de- 
crease in modulus found here is due primarily to temperature increase, and may 
be subtracted from the decrease observed in the first experiment. This has 
been done to obtain the corrected curve shown in the figure. Since such a cor- 
rection accounts for only a relatively minor proportion of the effect, none of the 
subsequent curves has been corrected. 

The effect of amplitude of vibration on modulus may be seen over a wide 
range of ambient temperatures, as is shown in Figure 2. In these experiments 
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Fro. 1.—Modulus correction for Fre. 2.—Amplitude and hysteresis 
temperature rise. effects on modulus. 
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GR-S TREAD COMPOUND 6 


GR-S TREAD COMPOUND 6 


RESILIENCE % 


INTERNAL FRIC TION-KP 


© 


Fic. 3.—Amplitude and hysteresis Fic. 4.—Amplitude and hysteresis 
effects on internal friction. effects on resilience. 


the test-pieces were vibrated at each amplitude for several minutes to establish 
equilibrium before taking a measurement. Amplitude was increased in incre- 
ments to a maximum of about 2.3 per cent and then decreased to approximately 
the initial value. At no time was the vibration interrupted. At all tempera- 
tures, the samples recovered most of their stiffness as the amplitude was reduced. 
Figures 3 and 4 show corresponding plots for internal friction and resilience. 
Ordinarily, dynamic modulus and internal friction both decrease with increas- 
ing amplitude, with the result that resilience, which is a function of them, re- 
mains about the same. In some instances, however, resilience may show a 
slight change. 

Experiments showed the amplitude effect to persist at widely different fre- 
quencies. Compound B experienced a loss in dynamic modulus of 28.2 per cent 
as its amplitude was increased from 0.33 to 2.66 per cent, while vibrating at 160 
cp. There was a corresponding loss of 27.6 per cent at 60 cp. 

When a strip of this compound was used for the suspension of a torsion pen- 
dulum, the effect could be measured. The modulus for an initial vibration am- 
plitude of +45° was reduced to 89 per cent of its value when the initial am- 
plitude was increased to +90°. The oscillation frequency was of the order of 
0.15 ep. 

The possibility of nonlinearity of the stress-strain curve contributing to the 
amplitude effect was investigated. Dead-weight loading of the samples while 
in the machine gives the curve shown in Figure 5. Sufficient time was allowed 
at each point to eliminate any noticeable creep. As may be seen the curve is 
substantially linear. It differs in this respect from the ordinary compression 
curve for rubber due to the system of test-pieces used"®. 

Careful tests were made on a Hevea tread compound to explore the ampli- 
tude effects for very low amplitudes. The results are shown in Figure 6. The 
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Fie. 5.—Static hysteresis loop. Fie. 6.—Amplitude effects on 
dynamic properties. 
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scatter of points at the small amplitude ends of the internal friction and resili- 
ence curves indicates the limit of precise measurement of amplitudes with the 
standard optical system. To obtain more accuracy for these low amplitudes, 
the work was repeated, using a crystal pickup with the results shown in Figure 7. 
Because of the extrapolation involved in the calibration of the pickup, the 
absolute magnitude of the values shown may be somewhat in error. However, 
there seems to be little doubt that the internal friction continues to increase for 
as low an amplitude as could be measured here. 


AMPLITUDE ~% 


AMPLITUDE ~% 

Fig. 7.—Internal friction at low amplitudes. 6.—Amgiitade and hysteresis 
effects in shear. 


Results of shear vibration measurements for both raw and cured samples of 
compound B are given in Figure 8. Points are shown for values as the ampli- 
tude is first increased and then decreased. 

Relative changes in modulus with amplitude for compounds containing 
equal loadings of different fillers are shown in Figure 9. The effect is most 
pronounced for the reinforcing type of fillers, but may be noticed also for those 
not generally considered as such. 
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Fie. 9.—Comparison of amplitude Fie. 10.—Amplitude effect with 
effect for various fillers. iolite fillers. 


Figure 10 gives similar results for mixtures of GR-S and Pliolite. The 
effect may be greatly enhanced by increasing the amount of filler, as may be 
seen from these results and also those of Figure 11. Results previously pub- 
lished'® may be interpreted as indicating that amplitude effects become pro- 
nounced when the thickness of the rubber films between the particles approxi- 
mates the particle diameter. When the rate of decrease in modulus with in- 
creasing amplitude is observed as a function of pigment loading"®, it is found 
that there is a rather definite loading at which the rate begins to increase rapidly. 
The loading at which this point occurs depends on the type of pigment. The 
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increase in rate in the case of Superspectra black, for example, occurs at a load- 
ing of about 14 parts per 100 parts of rubber, both by weight. Points for gas 
black, clay, blanc fixe, and Thermatomic follow in order with loadings of 30, 60, 
80, and 90 parts per hundred, respectively. Although quite small, the effect 
can be seen in gum compounds, as is shown in the lowest curve of Figure 11. 

That the effect does not depend on the use of a sinusoidal wave form, such 
as is present in the resonant-type machines, is evident from the results shown in 
Figure 12. These data were obtained using an Instron tester". With this 
machine the velocity is linear throughout the cycle, changing direction very 
rapidly at each end of the vibration. The samples were narrow strips and were 
used in tension. This curve is offered to show that the effect does not depend 
on the shape of the test-piece and may be observed for tensile vibrations as well 
as compressive and shear vibrations. 

That the effect may well be described as thixotropic is evident from the 
curve of Figure 13. The sample was vibrated for 10 minutes to reach a state 


GR-S TREAD COMPOUND 6, 60/275 


Fre. 11.—Amplitude effect on modulus at Fic, 12.—Amplitude effect for low-frequency, 
various carbon black loadings. square wave-type vibration. 


of equilibrium and its modulus was measured at low amplitude. The amplitude 
was then increased to approximately 2.5 per cent and the sample was vibrated 
another 10 minutes. After this, the amplitude was quickly reduced to that at 
which the original modulus was measured and periodic readings were taken 
during the following 25 minutes. The very definite recovery of stiffness is an 
indication of the thixotropic character of the material. 


DISCUSSION OF RESULTS 


Although the nonlinear phenomena studied in this work have been observed 
in vibration, there is good reason to suppose that the molecular mechanisms 
involved may be related to more general flow and deformation processes with 
rubber. Even ordinary liquids with elongated molecules have been reported to 
show temporary reductions in viscosity at high rates of shear’. This work 
also was plagued with the difficulty of eliminating temperature effects, but, as 
with the rubber tread stocks in vibration, there were definite effects which 
could not be explained on the basis of temperature rise. The non-Newtonian 
nature of the flow of rubber solutions and raw rubber is well known’. Small- 
wood" applied Eyring’s reaction rate theory of non-Newtonian viscosity to 
flow curves for raw rubber with reasonable success, but did not reach an un- 
equivocal picture of the orientation and flow processes. 
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To understand the nonlinear vibration effects with tread stocks, it seems 
most profitable to take into account the flow processes of the rubber molecules 
as revealed by the rheological experiments and add probable modifications, 
because of the environment of pigment particles. 

When non-Newtonian flow is observed in a dispersed system, it is ascribed 
to an effect of the rate of shear on the orientation, shape, or structure of the dis- 
persed particles. Reiner’ has given a detailed analysis of how these various 
mechanisms may be distinguished by rheological experiments, and has carried 
out such an analysis for rubber solutions in toluene. 

It is not reasonable to suppose that the individual carbon black particles 
are appreciably deformed or altered in shape in the vibrations of tread stocks. 
Aggregates of the particles might be affected, but since the phenomena occur 
with a wide variety of pigments and also to a very small extent with gum stocks, 
this is not an adequate explanation. Some more general basis should be looked 
for. The deformable particle involved probably consists of the pigment particle 
and the rubber molecules which are attached to it. The particle deformation 
which is dependent on shearing stress is due to the flow characteristics of these 
rubber molecules which are attached to the pigment surface. The very small 
effects with gum stocks may be considered to arise from a few pigment particles 
or from hard entanglements of the chain molecules or “knots” in the structure, 
which act like deformable particles under shearing stresses. 

The experimental results available can be examined from the above view- 
point to see what may be learned of the character of the temporary structural 
changes in tread stocks subjected to vibration. These appear to be of a com- 
plicated nature, with several deformation mechanisms occurring in varying 
degrees. A hysteresis effect in retracing a flow curve is usually ascribed to a 
breaking of particles or molecular bonds which reform after a time lag’®. Since 
the curves secured with progressively increasing amplitudes do not coincide 
with those for decreasing amplitudes, a bond-breaking contribution to the 
effects is indicated—most probably a breaking of secondary valence bonds 
between rubber molecules. 

The existence of such a mechanism is generally accompanied by a lower 
limit for the stress at which non-Newtonian behavior is observed, i.e., a yield 
point. A lower limit for the amplitude for the occurrence of these amplitude 
effects with tread stocks has not been definitely observed. It would be very 
interesting if such a limit could be established, for it might give quantitative 
information on the size of the displacements and other conditions required for 
breaking secondary bonds. Neither have yield points been observed in the 
flow experiments with rubber solutions or raw rubber. Perhaps there is a con- 
tinuous distribution in the strength of the secondary valence bonds so that, 
although bond breaking occurs in the flow experiments and in the amplitude 
effects, no lower limit is observed because there is no definite lower limit to the 
bond strengths. It is possible, on the other hand, that experiments with lower 
amplitudes than could be measured here might disclose a lower limit. 

During vibration, a straightening and alignment of the molecules attached 
to the pigment particles appears to be a very probable mechanism to contribute 
to the amplitude effects. This mechanism is indicated by the fact that the 
amplitude effects show a temperature dependence, being relatively more pro- 
nounced at lower temperatures. Higher temperatures would be expected to 
both reduce the orienting forces by weakening the secondary valence forces and 
to increase Brownian motions of the molecular segments. Figure 14 is an 
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Fic. 13.—Recovery of stiffness after Fig. 14.—Representation of structural changes. 
vibration at large amplitude. 


effort to represent pictorially the relationships between the pigment particles 
and the rubber molecules under normal conditions and under vibration. For 
each amplitude of vibration, a different system of equilibrium molecular con- 
figurations, i.e., a different structure, exists. The relaxation times for these 
vibration-produced structures appear to be rather long, since the amplitude 
effects have been observed at very low frequencies. If the structural implica- 
tions of these amplitude effects can be established more quantitatively, they 
should open up a new fascinating field for securing information on the molecular 
flow processes for polymers. 


SUMMARY 


Nonlinear vibration characteristics of tread compounds, as evidenced by a 
dependence of modulus and internal friction on amplitude, were studied in 
order to reach an understanding of these unexplained phenomena in terms of 
plausible structural alterations which may occur in the tread compounds be- 
cause of vibration. This information is interesting both for a more exact 
description of the deformation processes in tread compounds, and because of 
the necessity of dealing with the effects in any dynamic testing procedure. 
Nonlinear vibration characteristics are readily observed for tread stocks of 
both Hevea and synthetic rubbers in the mechanical range of frequencies. 
Experiments were undertaken to study the extent to which these effects de- 
pend on temperature, compounding variables, and type of vibration. It may 
be shown that the nonlinearity is not due to temperature rise from vibration, 
although precise measurements are complicated by the temperature rise. The 
effects occur for stocks reinforced with fine silica pigment, Pliolite resin, and 
higher loadings of pigments generally considered to be nonreinforcing, as well 
as for those compounded with reinforcing blacks. The pigment loading nec- 
essary for the same degree of nonlinearity increases with the pigment size. 
The effects are observed in unvulcanized tread stocks and occur for vibrations 
in both shear, compression, and tension. Measurements of the nonlinearity 
for tread stocks over a range of temperatures suggest that the vibration elicits 
structural changes in the rubber analogous to those observed in the rheology of 
rubber solutions and raw rubber. The nature of these changes can be inter- 
preted by the rheological criteria of structure developed for non-Newtonian 
systems. Such recognized mechanisms for structural viscosity as orientation, 
deformation, and breaking and reforming of bonds of the flow units are useful 
in explaining the phenomena observed. The effects appear to be of such 
magnitude that they should be taken into account in any exact study of the 
effect of modulus on tread wear and performance. 
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TEMPERATURE DEPENDENCE OF DYNAMIC 
PROPERTIES OF ELASTOMERS. 
RELAXATION DISTRIBUTIONS * 


Joun D. Ferry, Epwin R. Firzceraup, Lester D. GRANDINE, JR., 
AND L. WILLIAMS 


Universiry oF Wisconsin, Mapison, Wisconsin 


The experimental measurement of dynamic mechanical properties of a 
rubberlike material in small sinusoidal deformations always consists of deter- 
mining two independent quantities at each frequency. These two quantities 
can be expressed in various ways: here, as in a paper by Marvin,' the dynamic 
properties are described by G’ and G”, the real and imaginary parts of the 
dynamic shear modulus, or by G’ and 9’, where 7’ is the real part of the complex 
viscosity (n’ = G’’/w, where w is the circular frequency). The relations be- 
tween these and other properties such as damping and energy dissipation have 
been given by Marvin. 

This paper is concerned with two procedures for treating such experimental 
data to facilitate interpretation and practical use. The first is a method for 
combining the frequency and temperature dependence of G’ and G” by intro- 
ducing certain reduced variables. The second is a method for combining G’ 
and G” (or G’ and n’) and checking one against the other by the distribution 
function of relaxation times. Once this function is obtained, it is possible in 
principle to predict any sort of time-dependent behavior under small stresses. 


TEMPERATURE DEPENDENCE OF DYNAMIC PROPERTIES 


It has long been recognized that there is a connection between temperature 
and frequency dependence of dynamic mechanical properties and that a de- 
crease in temperature is at least qualitatively equivalent to an increase in fre- 
quency. Another manifestation of the connection is that, under conditions 
where the frequency dependence of G’ is slight, the temperature dependence is 
slight also, whereas a sharp change of G’ with frequency is always accompanied 
by a sharp change with temperature. 

Investigators have sometimes combined dynamic data at different fre- 
quencies and temperatures by plotting, for example, the equivalent of G’ against 
the logarithm of the frequency and shifting the curves along the abscissa axis. 
However, the conditions under which such a shift would theoretically be justi- 
fied have usually not been made clear. Sometimes the temperature and fre- 
quency (or time) dependence of mechanical behavior have been combined in an 
explicit algebraic formula’, but it is unlikely that this can be successful for 
dynamic properties over wide ranges of either variable, since experience indi- 
cates that G’ and G” vary in too complicated a manner to fit a simple empirical 
equation. The method of reduced variables outlined here does not require any 
analytical expression for either the temperature dependence or the frequency 


- Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 703-706, April 1952. 
This paper was presented before the Division of Rubber Chemistry of the American Chemical Society at the 
Diamond Jubilee Meeting of the Society, New York, N. Y., September 4-7, 1951. 
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dependence, though it does involve some simple assumptions about the nature 
of elastic and relaxation mechanisms; these are explicitly stated. 


THE METHOD OF REDUCED VARIABLES 


We assume that elastic energy is stored in the deformation of a rubberlike 
material (whether vulcanized or not) by a variety of mechanisms of the con- 
figurational or entropy-decrease type, each of which makes a contribution G; to 
the instantaneous rigidity. The stress on the ith mechanism decays exponen- 
tially with a relaxation time, r;. This scheme is equivalent to the ‘generalized 
Maxwell model’’*. The dynamic properties and the steady flow viscosity, 7, 
are then given by the following equations*: 


G'(w) = + (la) 
G"'(w) = + (1b) 
n'(w) = + (le) 

n = DG,7; (1d) 


It is now assumed that each G; is proportional to the absolute temperature, 
T (since it involves configurational or rubberlike elasticity), and to the density, 
p (since the mechanical quantities refer to a unit cube of material, and thermal 
expansion decreases the number of molecules, and elastic mechanisms, within 
this cube), and also that all 7’s have the same temperature dependence—that 
is, when the temperature is changed from a reference 7» to T, every 7; is 
multiplied by the same factor ar. It follows’ that the dynamic properties at 
the two temperatures 7’ and 7'o, are related thus: 


G'(w) = (Tp/Topo)G'o(war) (2a) 
G"(w) = (Tp/Topo)G"’o(war) (2b) 
n'(w) = (arTp/Topo)n'o(war) (2c) 

n = (arTp/Topo) no (2d) 


where the quantities without subscript refer to temperature 7 and those with 
subscript 0 refer to the reference temperature, 7. Based on these equations, 
it is easy to define reduced variables which will be independent of temperature 
if our assumptions are valid: 


= GT po/Tp; Gp = G’Topo/Tp 
= N'Topo/arTp; wp = war (3) 


If G’p, Gp, or n'y is plotted against w», a single curve should result from data at 
all temperatures and frequencies. 

The method may be illustrated by data for a polyisobutylene sample of 
molecular weight 1,200,000 obtained with a new double transducer apparatus 
which is described elsewhere®. The original data are shown in Figure 1, which 
depicts families of curves for G’ and n’ plotted logarithmically against log w at 
different temperatures. The reduction factors ar for temperatures other than 
25° C (which is chosen as standard) must be found empirically; this is done by 
plotting log n’Topo/T'p against log w and shifting the curves along a line with a 
slope of —1 until they coincide’; the distance moved in either the horizontal or 
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vertical direction is log ar. The values of ar thus determined, when used to 
calculate the reduced variables, and provide a single composite 
curve not only for 7’ but also for G’ (Figure 2). 

The values of ar are plotted logarithmically against the absolute tempera- 
ture in Figure 3. The plot is not a straight line, so the temperature dependence 
of ar is not a simple exponential function. For an unvulcanized rubber, like 
polyisobutylene, the temperature dependence of ar is related to that of the 


8.0 


2 3 4 
log w 


Fic. 1.—Dynamic rigidity (ascending curves) and dynamic viscosity (descending curves) of polyiso- 
potions, molecular weight 1,200,000, at various temperatures, plotted logarithmically against circular 
requency. 


steady flow viscosity; from Equation 2d, nr/no = arTp/Topo. This relation 
has in fact been found to hold within experimental error for polyisobutylene’®, 
and it provides an alternative method for obtaining the reduction factor ar. 

Composite curves such as those of Figure 2 may be used to predict dynamic 
properties outside the temperature and frequency ranges of measurement. A 
further generalization and a check of one curve against the other is provided by 
the distribution function of relaxation times. 
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RELAXATION DISTRIBUTION FUNCTION 


It is now generally accepted that the time-dependent mechanical behavior 
of arubberlike material cannot be described in terms of a small number of relax- 
ation times, corresponding to a mechanical model of a small number of springs 
and dashpots; the most useful description is by a continuous distribution of 
relaxation times, corresponding to a mechanical model of infinite extent. 
From such a distribution function can be calculated, in principle, the behavior 
under any kind of time-dependent stresses of small magnitude, including the 
sinusoidally varying stresses used in most dynamic measurements as well as 
more complicated loading patterns which may be of practical interest. 


4 
2.0 3.0 4.0 


10g wy 
Fie. 2.—Data of Figure 1 plotted with reduced variables. 


The distribution function employed here is ® d In 7, which represents the 
differential contribution to rigidity with relaxation times lying between In r 
and ln 7+ dI1n7. Andrews? refers to a similar function for contributions to 
Young’s modulus, which under most conditions is greater than ® by a factor of 
6.91. 

There are exact equations expressing experimental dynamic properties in 
terms of ®, obtained from Equations la—1d by replacing the summations by 
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3.0 3.2 3.4 
1000/T 


Fic. 3.—Logarithm of reduction factor ar plotted against reciprocal absolute temperature. 


integrals : 
+ In (4a) 


f @wr/(1 + w*r’)d In (4b) 


It is not so easy, however, to obtain from the experimental quantities; 
ordinarily approximation methods are employed. A first approximation 
method which has been used for the real part of the dynamic Young’s modulus 
by several authors!’ and has been extended’ to G’, G’’, and 7’, as well as a new 
second approximation method, are outlined here. Another type of approxima- 
tion has been recently recommended by ter Haar". Unfortunately, this 
method is successful only when ® is inversely proportional to 7, which is the 
case ter Haar happens to choose as an illustration ; for other cases it gives highly 
erroneous results. 


724 
-05 
* 
- 1.0 
P 
| 
| 


RELAXATION AS A FUNCTION OF TEMPERATURE 


CALCULATION OF #—FIRST APPROXIMATION 


The range of integration in Equation 4a may be divided into three regions: 
where tr < 1/w, the integrand is practically zero; where r ~ 1/w, the integrand 
is finite but less than ©; where r > 1/w, the integrand is practically equal to ®. 
If the distribution is broad, the last region will contribute most of the integral, 


which can, therefore, be approximated by f @dinr. Differentiation 


—In @ 
with respect to the lower limit of this expression gives an explicit formula for 
# in terms of G’. Similar treatment of the other dynamic properties yields the 
following first approximation formulas’: 


Inw) = log G’/d log w) (5a) 
(— Inw) = G’(1 — d log G’’/d log w) (5b) 
(— Inw) = — wn’(d log n’/d log w) (5c) 


The value of ® corresponding to a given r may thus be calculated from the 
slope of a log-log plot of any dynamic property against frequency, measured at 
the value of w which is the reciprocal of r. To the extent that this first approxi- 
mation is valid the experimental data are accurate, the calculations of ® from 
G’ and from G” or 7’ should agree. Values obtained from the curves of Figure 
2, representing the function as reduced to 25° C, are plotted in Figure 4 and 
show good agreement. In other cases, however, discrepancies of 20 per cent 
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Fic, 4.— Logarithmic distribution of relaxation times as derived in first approximation 
from dynamic rigidity and from dynamic viscosity. 
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or greater have been observed between ® values from the two experimental 
sources. Experimental measurements have now progressed to the point where 
this is beyond experimental error, and an improved calculation is therefore 
desirable. 


CALCULATION OF #—SECOND APPROXIMATION 


It is found experimentally that ® as derived by the first approximation is 
often a simple power function of 7 over a range of several powers of ten. Thus, 
the straight line in Figure 4 corresponds to ® = kr~°* from rt = 10-4 to r = 
107" second. This region has been previously identified in polyisobutylene 
from earlier measurements’. At much longer times, on the other hand, as 
shown by stress relaxation measurements’, ® is flat, corresponding to kr®. At 
still longer times, it again decreases with increasing r. 

To obtain a second approximation, it is assumed that within a limited region 
# may be represented by the power law ® = kr~™. Exact expressions for G’, 
7’, and 7’ are derived from this by Equations 4a to 4c, and then the cycle is 
completed by substituting these expressions into the approximate Equations 
5a-5e. The resulting values of ® differ from the initial power law only by 


/ numerical factors which are functions of m. It may be assumed that the values 

! obtained by applying Equations 5a-5c to experimental data are in error by the 
same factors, which can then be used to obtain the corrected second approxima- 
tions: 


(— Inw) = AG'(d log G’/d log w) (6a) 
Inw) = BG’ (1 — dlog G’’/d log w) (6b) 
&(— Inw) = — Can’(d log n’/d log w) (6c) 


The correction factors are obtained as gamma functions of m, the negative 
slope measured on the log-log plot” of the first approximation ® against r: 


A = (2—m)/2r (2 *) r (1 +7) (7a) 
2 2 
(3_™ 34m 
B= c= (3 (7b) 


It turns out that, form = 0.5, A = C = 0.90, which explains the fortuitous 
agreement shown in Figure 4 where m = 0.6. 

Equations 6a—6e should be good approximations except in regions where the 
value of m changes sharply. On the low 7 side of such a bend in the log-log 
plot of ® against 7, the value from G@” or 7’ (Equation 6b or 6c) will be most 
nearly correct; on the high 7 side of such a bend, the value from G’ (Equation 
6a) will be preferable. From these considerations, it should be possible to 
obtain the function ® from dynamic data with adequate accuracy. A more 
detailed discussion, with tables of values of A and B, has been submitted for 
publication elsewhere”. 


APPLICATIONS OF FUNCTION @ 


When the function ® has been determined, it may be used to calculate 
various properties, including G’, G”’, and 7’, as functions of frequency; the 
steady flow viscosity (for unvuleanized rubbers); the elastic energy stored in 
steady flow, as a function of shear stress; the extent of elastic recovery on 
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release of stress following cessation of steady state of flow; the course of stress 
relaxation following sudden strain; and the course of stress relaxation following 
cessation of steady flow. These are illustrated in Table I as both exact and 
approximate integrals. The latter and some of the former are easily evaluated 
graphically’, though some of the exact forms would be tedious without com- 
puting aids. 

Attempts" to use simple analytical expressions for ® in formulas such as 
these may lead to quite erroneous results unless the applications are carefully 
restricted to conditions where these expressions are valid. Over wide ranges of 
7, ® varies in a complicated manner, and it is believed preferable to rely on 
graphical methods using experimental data directly. 


TABLE I 


CALCULATION OF MECHANICAL BEHAVIOR FROM ® 


Property Exact formula Approximate formula 


Dynamic rigidity, real (G’) Eq. 4a 
—In 
Dynamic rigidity, imagi- Eq. 4b 
nary (G” of” réd In + 
viscosity, real Kq. 4c —In 
Steady flow viscosity (n) 


Elastic energy stored in 26d 
steady flow (W) Int 

Elastic strain recovery 
after stress release fol- (3/n*) Int 


lowing steady flow (7) 


Course of stress relaxation ss) 
after sudden strain [3(t)] i. dint Sn dln 
Course of stress relaxation 
after cessation of steady ree’ dine t rédin 
flow? [3(t)] 


« Subject to non-Newtonian correction®, 


Information concerning the form of the distribution function over wide 
ranges of time scale and its dependence on chemical composition, molecular 
weight, and molecular-weight distribution should be forthcoming in the near 
future. 


SUMMARY 


By the use of reduced variables, the temperature dependence and fre- 
quency dependence of dynamic mechanical properties of rubberlike materials 
can be interrelated without any arbitrary assumptions about the functional 
form of either The definitions of the reduced variables are based on some 
simple assumptions regarding the nature of relaxation processes. The real 
part of the reduced dynamic rigidity, plotted against the reduced frequency, 
gives a single composite curve for data over wide ranges of frequency and 
temperature; this is true also for the imaginary part of the rigidity or the 
dynamic viscosity. The real and imaginary parts of the rigidity, although 
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independent measurements, are interrelated through the distribution function 
of relaxation times, and this relation provides a check on experimental results. 
First and second approximation methods of calculating the distribution function 
from dynamic data are given. The use of the distribution function to predict 
various types of time-dependent mechanical behavior is illustrated. 
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NOMENCLATURE 


reduction factor for relaxation times at temperature, T 

second approximation correction factor for calculation of ® from G’ 

second approximation correction factor for calculation of ® from G’ 

second approximation correction factor for calculation of ® from 1’ 

real part of the complex dynamic shear modulus 

imaginary part of the complex dynamic shear modulus 

contribution of ith mechanism to the instantaneous rigidity 

G’ reduced to temperature 

G”’ reduced to temperature T 

constant in expression for ® as a power function of r 

negative slope of plot for log against log r 

time 

absolute temperature 

reference temperature (usually 298° K) 

shear stress 

shear strain 

rate of shear strain 

gamma function 

steady flow viscosity 

real part of the complex dynamic viscosity 

n’ reduced to temperature 7» 

density 

relaxation time 

relaxation time associated with G; 

circular frequency (27 times frequency) 

w reduced to temperature 7'p 

distribution function of relaxation times in shear (® d In 7 is the differ- 
ential contribution to rigidity associated with relaxation times whose 
natural logarithms lie between In r and In r + dIn 7): 
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CORRELATION OF DYNAMIC AND STATIC 
MEASUREMENTS ON RUBBERLIKE 
MATERIALS * 


R. D. ANDREWS 


Tue Dow Cuemicat Co., MipLanp, MICHIGAN 


One of the questions which has been much discussed in the field of the 
mechanical properties of rubberlike materials is the relation between the elastic 
moduli measured by static and by dynamic experimental methods. Some 
investigators have obtained results which indicated that the static and dynamic 
moduli were essentially equal, whereas other workers have obtained significant 
differences between the two moduli. 

Theoretical developments in this field in recent years have provided a funda- 
mental viewpoint from which such questions can be examined. In terms of 
this theory, the mechanical behavior of rubberlike materials can be regarded as 
arising from a combination of elastic and viscous behavior which can be repre- 
sented by a so-called generalized Maxwell model, consisting of an infinite set of 
Maxwell units (spring and dashpot in series) connected in parallel. This type 
of model is characterized by a distribution function, E(7r), which is called the 
distribution of relaxation times and which specifies the contribution to the 
total “instantaneous” modulus (measured so quickly that no viscous flow can 
take place) that is associated with a relaxation time, r. The term distribution 
of relaxation times is, therefore, not completely accurate, since E(r) is really a 
distribution of partial modulus as a function of relaxation time. 

Static elastic modulus can be measured either by applying a fixed strain or 
a fixed load to the rubber sample. The stress or elongation which is produced 
is more or less time-dependent, however, and the measured value of stress or 
elongation at some arbitrary time value is ordinarily taken as defining the static 
modulus. Since the static modulus measured at fixed strain is the one most 
easily described in terms of the generalized Maxwell model, static modulus 
will be defined by that type of experiment in the present paper. Since the 
stress in a rubber sample held at fixed strain is time-dependent, it is obvious 
that there is no unique static modulus value for a rubberlike material, but only 
an apparent modulus which is a function of time. The static modulus of a 
material in the most general sense is, therefore, given by the complete curve of 
stress vs. time at constant strain; this will be referred to as the stress relaxation 
curve of the material. This may be expressed in terms of the distribution of 


relaxation times! : 
x 
Ly = (1) 
So 0 
where f is the stress, so is the fixed strain, and t is the time elapsed since the 
sample was strained. 
* Reprinted from Industrial and Eoptaning Chemistry, Vol. 44, No. 4, pages 707-715, April 1952. 


This paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 1951. 
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Dynamic modulus is ordinarily measured by applying sinusoidal vibrations 
to the sample. The dynamic modulus is, like the static modulus, not a unique 
quantity, since it is a function of frequency in general, even though it may be 
fairly constant over certain ranges of logarithmic frequency, just as the static 
modulus may be fairly constant over certain ranges of the logarithmic time 
scale. The dynamic modulus, Eayn, as a function of circular frequency w may 
be expressed in terms of the distribution of relaxation times’: 

wr 


The dynamic modulus of a material is fully expressed, therefore, only by the 
complete curve of dynamic modulus vs. frequency. The question of com- 
paring static and dynamic modulus thus becomes in a more general sense the 
question of comparing the stress relaxation and Kay, vs. frequency curves. 

Some rough conclusions can be drawn from the fact that curves of static 
modulus vs. time and dynamic modulus vs. vibration period (reciprocal of fre- 
quency in cycles per second) are to a crude approximation the same and that 
these curves must either remain level or decrease with increasing time (or 
vibration period). It is generally true, then, that the dynamic modulus is ap- 
proximately equal to, or larger than, the static modulus, since the vibration 
period in the dynamic measurement is ordinarily significantly smaller than the 
time value at which the static modulus is measured. The difference between 
the dynamic and static modulus depends on the magnitude of the relaxation 
time distribution between the vibration period and time values in question. 

The dynamic. modulus is not the only quantity of interest in vibration ex- 
periments; the energy losses which occur during vibration, or mechanical energy 
which is dissipated into heat, is of great interest as well. This can also be 
interpreted on the basis of the generalized Maxwell model, and if the vibration 
behavior is described in terms of a complex dynamic modulus, the real part of 
the complex modulus is the Fay, mentioned previously, while the imaginary 
part of the complex modulus, which is related to the energy losses, can be 
written as wyayn Where nayn is an effective viscosity coefficient that is a function 
of frequency. This latter quantity is related to the distribution of relaxation 
times by the expression’: 


WT 
= f dr (3) 


As a rough qualitative generalization in this case, energy losses are greatest at 
reciprocal frequency values, where the distribution of relaxation times has tue 
largest values; static and dynamic moduli also show the greatest change with 
logarithmic time and frequency, respectively, in these regions. 

Vibration behavior can be represented by a simple Voigt mechanical model 
(spring and dashpot in parallel) with an inertial mass in series, at any given fre- 
quency. However, for a material with a distribution of relaxation times, the 
modulus of the spring and the viscosity of the dashpot are both functions of 
frequency and, in fact, are the Eayn and nayn already given. 

Thus, both static and dynamic mechanical behavior can be regarded as re- 
sulting from the nature of the relaxation time distribution of the material and 
can be correlated on this basis. However, in deriving quantitative relation- 
ships the exact solution of the equations involved is often very difficult, and 
approximate methods are desirable for use in such cases. The present paper is 
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concerned with an examination of approximate methods of this sort. At- 
tempted correlations of static and dynamic mechanical data on the basis of 
these approximations are also discussed. 


STATIC MODULUS 


The distribution of relaxation times E(r) can, in principle, be calculated 
from static modulus or relaxation of stress data by inversion of the integral in 
Equation 1. This can be done by use of the Laplace transform, but the pro- 
cedure involved is too complicated to be conveniently usable in most cases. A 
simple approximate relation which has been proposed for use in this case is that 
the distribution of relaxation times in terms of logarithmic time, E’(logio 7), at 
any value of relaxation time 7, is equal to the negative slope of the relaxation 
curve plotted as f/% vs. logarithmic time (logio t) at the same value of time r. 
A prime is added to the symbol for the distribution function here to indicate 
that the logarithmic distribution is a different function from the linear distribu- 
tion E(r). The distribution of relaxation times in terms of logarithmic time is 
simply related to the distribution in terms of linear time: 


E'(logio 7) = 2.303 rE(r) (4) 

which follows from the fact that by definition: 
E'(logio 7)d logio = E(1)dr (5) 
This is one case of the general relation for transforming distribution functions: 
N(z)dz = + N'(y)dy (6) 


where N represents the distribution function and z and y are functions of some 
common parameter; the sign is chosen so that N is positive on both sides of the 
expression. Throughout the remainder of this paper, ‘log’ will denote log- 
arithms to the base 10 in all cases, and the subscript 10 will be dropped; natural 
logarithms will be denoted “‘In’’. 

This approximation can be derived in the following way. By substitution 
of Equation 5, Equation 1 may be rewritten as: 


f/so(t) = E' (log log r (7) 


The negative slope of the static modulus curve plotted vs. logarithmic time is 
then obtained by differentiation under the integral sign: 


+e 2.303te"!* 
ows f E' (log 7) dlog (8) 


This expression is of the general form: 
I= ff 87008 t)d log r (9) 


where @ is the function in square brackets in Equation 8. This function 
specifies the intensity of the contribution of various regions of the relaxation 
time distribution, E’(log r), to the value of the integral, 7, and therefore may be 
referred to as an intensity function. This function is plotted vs. (log r — log ¢) 
in Figure 1; it has a fairly sharp peak at tr = ¢ and drops off to zero on both sides 
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of the peak. The negative slope of the relaxation curve is therefore determined 
by the nature of the relaxation time distribution in the immediate neighborhood 
of the time value, ¢, at which the slope is measured. If the distribution func- 
tion is a constant in this region, it can be taken from under the integral sign in 
Equation 8, and since the remaining integral has a value of unity: 


+x 


we obtain the desired relation: 


d(f/ 80) _ rp 
d log t = LE (log T) (11) 


This relation may also be regarded as resulting from a replacement of the 
bracketed function in Equation 8 by a Dirac 6-function, 6(7 — ¢), having a 


STATIC MODULUS j 


INTENSITY 
FUNCTIONS 
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2.303te 
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Fie. 1.—Intensity functions in integrals of Equations 7 and 8, 


numerical value unity, and no assumption is necessary regarding the form of 
E’ (log 7); Equation 10 indicates that the normalization factor of the 6-function 
is unity in this case. This general approach has been used by ter Haar®. 
This relation can be arrived at by still another path, using a method adopted 
by Ferry‘, in which Equation 7 is written in approximate form as: 


+2 
f/so(t) = f E' (log r)d log (12) 
log ¢ 


This approximation represents a replacement of the intensity function, e~“’’, in 
Equation 7 by a cutoff function which has a value of zero where log 7 is less than 
log t and a value of unity where log 7 is greater than log t; the approximation 
that this involves can be seen by reference to the correct intensity function, 
which is shown in Figure 1. Then, by differentiating both sides of Equation 12 
with respect to log ¢t, Equation 11 is immediately obtained. 
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Actually, the approximation given in Equation 11 is capable of much 
greater generalization. Dividing the left-hand side of Equation 11 by 2.303 t 
and the right-hand side by 2.303 7, and utilizing Equation 4, one obtains after 


transformation: 


Therefore the distribution of relaxation times in terms of linear 7 is given ap- 
proximately by the negative slope of the relaxation curve plotted vs. linear ¢. 
Then, considering any general function of 7 or t, 6, and applying Equation 6 in 


the form: 
E(r)dr =+ E[0(r) ]d 0(r) 


= + E[6(r)]0'(r)dr 


we may divide the left-hand side of Equation 13 by 6’(t) and the right-hand 
side by 6’(r), and this gives, after transformation, the completely general ap- 
proximate relation: 


(14) 


= | (15) 


The absolute value is taken on the right-hand side because the distribution 
function must always be positive, whereas the first derivative may be either 
positive or negative, depending on whether @ is a decreasing or increasing func- 
tion oft. This relation can also be derived from Equation 11 even more directly 
by writing Equation 11 in the form: 


— d(f/so) = E(log t)d log t 


(16) 


where the prime on the distribution function has been dropped for convenience. 
Equation 6 may then be applied directly to the right-hand side of this expres- 
sion, letting z = log tand y = @(t), and on rearrangement one obtains Equation 
15. 

Equation 11 is, therefore, simply one particular form of the general approxi- 
mation expression (Equation 15), which represents an infinite family of similar 
approximation expressions. And since the various explicit forms of Equation 
15, such as Equations 11 and 13, are all equivalent and mutually interconvert- 
ible, they can all be regarded as the ‘‘same”’ approximation and will all have the 
same intrinsic accuracy—that is, neglecting the possible variations in accuracy 
with which the different first derivatives could be measured in actual computa- 
tions. This family of relations will be referred to as first approximation ez- 
pressions. 

In some cases, it may be desirable to use a more accurate expression than 
Equation 11. Such an expression can be obtained by considering the case 
where the distribution function, E’ (log 7), is not a constant, but is a linear func- 
tion in log r: 


E'(log 7) = a + B(log r — log t) (17) 


where a is the value of E’(log r) at r = t. Substitating this distribution into 
Equation 8: 
_ 4/80) _ 


d log t 


a + 0.251 8 (18) 
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By differentiation of Equation 18 with respect to log ¢ again, remembering that 
a is a function of t, and by use of Equation 17: 
_ 

dlog 


This may, then be introduced for the value of 8 in Equation 18, and after rear- 
rangement, the final result obtained is: 


B (19) 


d(f/80) 


f/80) 
+ 0.251 


[E’(log 1) = @ = — 231 


(20) 
This represents an improvement on Equation 11, in which a “second approxi- 
mation” is obtained by addition of a correction term involving the second 
derivative of the relaxation curve. [An alternative second approximation ex- 
pression can be derived by a method which is described in an accompanying 
article by Ferry, Fitzgerald, Grandine, and Williams. ] 

The nature of the second approximation expression above is shown graphi- 
cally in Figure 2. The intensity function in the integral of Equation 8, taken 
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Fie. 2.—Graphical representation of derivation of second approximation, Equation 20. 


from Figure 1, is shown, with the distribution functions where E’(log r) is a 
constant and a linear function of log r. The difference between the two dis- 
tribution functions is shown as a shaded region, and this shaded region, multi- 
plied by the intensity function, corresponds to the added correction term in 
Equation 18 and in turn to the added correction term in Equation 20. This 
shaded region has opposite sign on opposite sides of log r = log t, and tends to 
partially compensate itself, but not completely. The graph shows a case for 
which @ is positive. Equation 20 is exact and not an approximation when the 
distribution function is of the form of Equation 17. 

The effect of the added correction term in Equation 20 was checked by 
calculating the distribution of relaxation times corresponding to an experi- 
mental stress-relaxation curve of polyisobutylene, by use of the first and second 
approximation Equations 11 and 20, and the results are shown in Figure 3. 
The relaxation curve used here is a previously unpublished curve obtained by 
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Fie. 3.—Calculation of first and second approximation distribution functions from static 
dulus (stress relaxation) curve of polyisobutylene at 25° C. 
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Fie. 4.—Static modulus, dynamic modulus, and dynamic loss functions corresponding 
to the distribution function in Equation 42a. 
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Andrews and Tobolsky for the standard polyisobutylene sample distributed by 
Marvin of the National Bureau of Standards*®. The relaxation curve corre- 
sponds to 25° C, and the relaxation-time distributions calculated from it there- 
fore refer to 25° C also. The first derivative was measured graphically from a 
magnified plot of the relaxation curve, and the second derivative was deter- 
mined graphically from a magnified plot of the smoothed first derivative curve. 
The first approximation to the distribution function is the same as the first 
derivative, and the second approximation was calculated from the smoothed 


E (t)*C 
E'(logig t)#2.303 TC 
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Fie. 5.—Static modulus, dynamic modulus, and dynamic loss functions correspondi 
to the distribution function in Equation 45a. —" 


first and second derivative curves by use of Equation 20. The difference be- 
tween the first and second approximation distribution functions is small, but 
nevertheless significant. It is also interesting in regard to the mechanical be- 
havior of polyisobutylene that the distribution of relaxation times goes through 
a definite maximum in this region. 

A somewhat different approximate method for calculating the distribution 
of relaxation times from the relaxation (static modulus) curve, which does not 
involve taking derivatives of the relaxation curve, has been proposed by ter 
Haar*. He expresses his distribution function in terms of relaxation frequencies, 
or reciprocal relaxation times, and in the symbolism of the present paper, the 
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approximation which he proposes is: 


In case there is a residual elastic stress which does not relax in the relaxation 
region under consideration, this must be subtracted from f/so in this equation. 
This expression can be written in terms of the distribution function, E’(log 7), 
by using Equation 6 to transform E(1/r), and the result obtained is: 


[E’(log = 2.303 (t) (22) 


According to this relation, the distribution function, E’(log 7), is a simple 


E(t)= 
2303 
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Fig. 6.—Static modulus, dynamic modulus, and dynamic loss functions corresponding 
to the distribution function in Equation 47a. 


multiple (by a factor 2.303) of the relaxation curve, when log r and log ¢ are 
plotted on the same scale. 

Comparison of the relaxation curve and approximate relaxation time dis- 
tributions for polyisobutylene given in Figure 3 shows that the relation (Equa- 
tion 22) does not hold in this particular case. Plots of the distribution function 
and corresponding relaxation curve (f/so) for three widely different forms of 
E’ (log r) are given in Figures 4, 5, and 6. (These graphs are discussed in more 
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detail in a later section.) Figures 4 and 5 show that Equation 22 does not hold 
for relaxation-time distributions of this form, either, even as a rough approxi- 
mation. In fact, for the distribution of Figure 5, the distribution function in- 
creases sharply, while the relaxation curve decreases sharply. However, for 
the distribution shown in Figure 6, ter Haar’s approximation, in the form of 
Equation 22, is found to hold exactly for all time values well within the lower and 
upper limits, 7; and 7», at which the distribution function is arbitrarily cut off. 
The distribution denoted here as E(1/r) is symbolized by N(v) in ter Haar’s 
publications, and the distribution represented in Figure 6 when written in that 
form corresponds to: 

E(1/r) = N(v) = const. (23) 


between the limits of the distribution and to zero outside those limits. The dis- 
tributions used by ter Haar in checking the accuracy of his approximation were 
in many cases of this form. The results obtained here indicate that the ac- 
curacy would be best in those cases. The behavior observed in Figures 3, 4, 
and 5 shows that Equation 22 is much more restricted in its range of application 
than the approximation (Equation 11 or 15) which involves the first derivative. 
This latter approximation is referred to by ter Haar as the “Alfrey approxima- 
tion’, and the form of this approximation which he uses to calculate N(v) or 
E(1/r) can be readily derived from Equation 15 by setting @(r) = 1/r and 


= 1/t: 
N(v) = E(1/r) = | | 
The negative sign is retained in the final expression, since the derivative will 
always be negative, and the use of this negative sign is, therefore, equivalent 
to taking the absolute value. 


(24) 


DYNAMIC MODULUS AND LOSS 


The dynamic modulus is related to the distribution of relaxation times as 
given in Equation 2. This relation may be rewritten, by substitution of 
Equation 5, in the form: 


+0 
f E'(log 7) Feed dlog (25) 


This integral is again of the form of Equation 9, and the intensity function in 
square brackets is shown plotted vs. (log r — log 1/w) in Figure 7. The dis- 
tribution of relaxation times can be calculated approximately from the curve of 
dynamic modulus vs. log 1/w by use of the relation: 


d Eayn 


CE’ (log 7) = — d log 


(26) 


in which the distribution function is takca to be equal to the negative slope of 
the dynamic modulus curve. This approximation is the analog of Equation 11 
for static modulus data, and as in that case is simply one member of an infinite 
family of equivalent expressions of the general form: 


dE ayn 
d 6(1/w) w= 


which is the dynamic modulus analog of Equation 15. 


E(@(r)] = (27) 
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Equation 26 can be derived by the same general methods that were used in 
deriving Equation 11 in the static modulus case. The general expression for 
the negative slope of the curve of Eayn vs. log (1/w) can be obtained by 
differentiating Equation 25 under the integral sign, giving the (exact) relation: 


d Eayn ” 4.606 wr? 
dlogl/w f (log 7) E + wry d log (28) 


x 


The intensity function in square brackets is plotted in Figure 7 and has a fairly 
sharp peak, indicating that the slope of the dynamic modulus curve is deter- 
mined by the nature of the relaxation time distribution in the immediate 
neighborhood of the value log 1/w at which the slope is measured. If E’(log 7) 
can be assumed to be constant in the neighborhood of r = 1/w, the distribution 
function may be brought out from under the integral sign, and since the remain- 
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(logig T- logig 
Fig. 7.—Intensity functions in integrals of Equations 25, 28, and 35. Solid curves 
refer to dynamic modulus; dashed curve to dynamic loss. 


ing integral is equal to unity: 


f [ | = 1 (29) 


one immediately obtains the desired relation, given in Equation 26. As in the 
static modulus case, this relation can also be obtained by replacing the intensity 
function in Equation 28 by a Dirac 6-function, or by replacing the intensity 
function in Equation 25 by a cutoff function‘: 


+0 
Eayn(w) = f E’ (log r) d log 7 (30) 


log l/w 


followed by differentiation of both sides of the equation with respect to log 1/w. 
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In order to obtain a second-order approximation of improved accuracy, we 
may substitute a distribution of the form: 


E'(log r) = a + B (log r — log 1/w) (31) 


into Equation 28. However, because the intensity function in Equation 28 is 
symmetrical around its peak at log r = log 1/w, it is evident that the contribu- 
tion of the second term in Equation 31 to the value of the slope is zero. Re- 
ferring to Figure 2, the positive and negative contributions to the slope which 
result when the shaded areas are multiplied by the intensity function of Equa- 
tion 28 in this case exactly compensate each other. Thus Equation 26 repre- 
sents a second-order approximation as well as a first-order approximation. 
Computation of E’(log r) from the slope of the dynamic modulus curve by use 
of Equation 26 is, therefore, a more accurate method than computation from 
the slope of the static modulus curve from the analogous Equation 11. It is 
evident, in addition, that if E’(log 7) is expanded in a power series in (log r — 
log 1/w), the contribution of all odd power terms to the slope is zero, as a result 
of the symmetry of the intensity function in Equation 28. 

An approximate relation by which the distribution of relaxation times can 
be computed without taking derivatives has been proposed by ter Haar? for 
dynamic modulus data also. He presents this relation in terms of a distribution 
function N(w) = [N(v)],.., but his expression may be written in our symbo- 
lism as: ; 


This represents a proportionality rather than an equality. If the distribution 
function E(1/r) is transformed to E’(log r) by use of Equation 6, this relation 
takes the form: 

CE’ (log 7) © 2.303 Eayn(w) (33) 


This is very similar to Equation 22 for static modulus data except that this ex- 
pression involves a proportionality rather than an equality. According to this 
relation, the distribution function, E’(log 7), should be directly proportional to 
the dynamic modulus. As in Equation 22, Relation 33 clearly does not hold 
for relaxation time distributions of the forms shown in Figures 4 and 5; how- 
ever, Equation 33 does hold exactly for the distribution represented in Figure 6. 
Examination of the characteristics of the dynamic modulus function in Figure 
6 indicates that the proportionality constant involved in Relation 33 is 2/z, 
and when the right-hand side is multiplied by this factor we obtain the equality : 


[E’(log 1) = Baya(w) (34) 
The range of applicability of this equation is about the same as that of Equation 
22, which is narrower than that of the relation involving the first derivative 
given as Equation 27. 
The energy loss term for sinusoidal vibrations has been given in Equation 3. 
This may be written in terms of the logarithmic distribution of relaxation times 
by substitution of Equation 5, giving: 
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A plot of the intensity function in this integral, in the form of a dashed curve, 
is shown in Figure 7. It is a symmetrical curve around its peak at log r = 
log 1/w, as is the intensity function for the slope of the dynamic modulus curve 
in Equation 28. It is therefore not necessary to differentiate this expression 
in order to obtain a peaked intensity curve, as was true for the static and dy- 
namic modulus in Equations 7 and 25. The peak in this curve is not quite so 
sharp as that of the intensity curve in Equation 28, but the value of wnayn is 
still determined by the nature of E’(log 7) in the immediate neighborhood of 
log r = log1/w. This curve is essentially the square root of the intensity 
curve in Equation 28. 

Approximate expressions for wnayn may be derived in the same manner as 
: previously. If E’(log r) = const. is substituted into Equation 35, and brought 


4.606 


wT 


and one obtains the first-order approximation that: 


out from under the integral sign, the remaining integral has the value 


wnayn(w) = [E’(log 1) (37) 


This expression can also be obtained by susbtitution of ——— ry cam 6(r — 1/w) for 


the intensity function in Equation 35. According to Equation 37, the dis- 
: tribution function, E’(log 7), is proportional to the quantity wyayn. Dynamic 
: viscosity can also be represented by use of a cutoff function‘: 
log l/aw 
Nayn = f t E'(log r) d log r (38) 


where a is a constant with a value in the neighborhood of unity, and by differ- 
entiation of both sides of this equation one obtains the additional approximation 
that: 


, @ Nayn 
CE’ (log 7) = aw (39) 


From the symmetry of the intensity function in Equation 35, it can be con- 
cluded that Equation 37 also represents the second-order approximation of this 
type, since the contribution to wnayn from the second term in Equation 31 is 
zero. Similarly, the contribution from all odd power terms in a generalized 
expansion of the form of Equation 31 is zero, as in the case of the slope of the 
dynamic modulus curve. 

To relate dynamic loss and relaxation time distribution without taking 
derivatives, ter Haar* has proposed the following relation, which, when written 
in the author’s symbolism, is: 


WNayn(w) wl E(1/ T) (40) 


where a proportionality rather than an equality is specified. If E(1/r) is trans- 
formed to E’(log 7), this expression assumes the form: 


(41) 
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This is essentially the same relation as in Equation 37 and becomes identical 
with 37 if the right-hand side is multiplied by a proportionality constant of r/2 
and the proportionality is changed to an equality. This relation therefore re- 
quires no separate discussion. It is of interest to note, however, that, unlike 
the other two relations proposed by ter Haar, this relation holds essentially for 
a relaxation-time distribution of the form shown in Figure 4, and less satis- 
factorily for the distributions in Figures 5 and 6. 


PROTOTYPE DISTRIBUTION FUNCTIONS 


As an alternative to mathematical analysis of the structure of the integrals 
involved, the problem of deriving approximate relations may be approached by 
studying the behavior of certain particular forms of relaxation time distribution. 
One type of distribution which has been found particularly useful in this con- 
nection’ is a “logarithmic box’’ distribution, which is a constant in terms of 
log r between a lower and upper limit 7; and 7, and zero outside those limits: 


E’(log r) = 2.303C(r1 < < Tm) (42a) 
= O(r < 71,7 > Tm) 


This corresponds to a distribution in linear 7 of the form: 


E(r) = C/t(ti < t < Tm) (42b) 
= O(r < 71,7 > Tn) 


The static modulus, dynamic modulus, and dynamic-loss functions correspond- 
ing to this distribution can be obtained by substitution of Equation 42b into 
Equations 1, 2, and 3: 


= C[Ei(— t/71) — Ei(— t/tm)] (43a) 


5 n The? (43b) 


wnayn = — tan (48¢) 


These three functions are shown plotted, together with the distribution function 
itself, for a distribution which is five log cycles in width, in Figure 4. For the 
time, or reciprocal frequency range which lies well within the limits of the dis- 
tribution function, the static and dynamic modulus curves are straight lines, 
with slope equal to the height of the distribution function, E’(log r), and the 
height of the dynamic loss curve is approximately constant and equal to 1/4.606 
times the height of the distribution curve. This particular relaxation time dis- 
tribution therefore leads to the first-order approximations, Equations 11, 26, 
and 37, which hold exactly for this distribution; it is essentially equivalent to 
the substitution of E’(log 7) = const. into the various integrals involved. The 
general Equations 15 and 27 also hold exactly for this distribution. 

Another useful relation, between static and dynamic modulus, can be ob- 
tained from this distribution. In the intermediate range, the static and dy- 
namic modulus curves are identical except for a slight lateral shift. The 
amount of this shift is given by the relation that the time value, t, in the static 
modulus curve corresponding to any arbitrary value of modulus is related to the 
reciprocal frequency 1/w at which dynamic modulus has the same value by the 
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expression : 
(44) 


Using this relationship, the static and dynamic modulus curves can be related 
directly, without going through the intermediate step of calculating the dis- 
tribution of relaxation times. 

It is, therefore, of interest to see how generally this relationship holds, and 
this can be checked by examining the behavior of the two relaxation-time dis- 
tributions shown in Figures 5 and 6, which differ considerably from Equation 
42a and in opposite directions. The distribution shown in Figure 5 is of the 
form: 

E’ (log r) = 2.303Cr(ri < < Tm) (45a) 


O(r Ti, > Tm) 
This corresponds to a linear distribution of the form: 


E(r) = < < Tm) (45b) 
= O(r < 71,7 > Tm) 


If one divides Equation 45a by the constant, rt», representing the upper limit 
of the distribution, one obtains the modified form: 


E'(log r) = (11 << < Tm) (45¢c) 


= O(r < 71,7 > Ta) 


which is more convenient in that it is independent of position along the loga- 
rithmic 7 scale, for a given value of C. The corresponding linear distribution is 
obtained by dividing Equation 45b by tm. The static modulus, dynamic modu- 
lus, and dynamic loss functions corresponding to this distribution in its modi- 
fied form are: 


Eayn = — 11/Tm) — — tan~'wr,) (46b) 


2wTm + (46c) 


For distributions where 7; K 7», the second term in the first square brackets of 
Equation 46a and the second term in the first parentheses of Equation 46b are 
essentially zero and may be dropped. These functions are plotted, again for 
the case where 7; and r,, differ by five logarithmic cycles, in Figure 5. 

The distribution in Figure 6 is of the form: 


E'(log r) = 2.303C (11 << 7 < Tm) (47a) 
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O(r Tm) 
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which may also be written as a linear distribution: 
E(r) = < Tm) 
= O(r < > Tm) 


Multiplying Equation 47a by 7,, gives the more convenient form 
2.303C Tm 
T 


E’ (log r) (11 < Tm) (47¢) 


= O(r < 71,7> Te) 


This modified form again has the advantage that it is independent of position 
along the logarithmic r scale, for a given value of C. The corresponding linear 
distribution is obtained by multiplying Equation 47b by rT». 

The static and dynamic functions corresponding to this modified distribu- 
tion are: 


Eayn = — tan~'wr;) (48b) 


CT mw 1 + (rw)? 


If t:< Tm, the first term in the denominator of the bracketed expression in 
Equation 48c is effectively zero and can be dropped. The curves of these func- 
tions shown in Figure 6 are for a distribution extending over five logarithmic 
cycles of r. 

Returning to the question of the relation between static and dynamic modu- 
lus, the simple lateral shift relation between static and dynamic modulus curves 
which was observed for the distribution shown in Figure 4 no longer holds for 
the distributions shown in Figures 5 and 6. However, the dynamic modulus 
curve still lies to the right of the static modulus curve in all cases, and from 
inspection of the curves it appears that the lateral distance between the curves 
at a given modulus value is greater where the second derivative of the curves is 
negative and less where the second derivative is positive. This suggests that a 
second-order approximation to Equation 44 might be obtained by addition of a 
second term involving the second derivative of one of these curves. 

This was checked for the Distribution 45a shown in Figure 5 by measuring 
the second derivatives of the static and dynamic modulus curves graphically, at 
different modulus values, and comparing these with the displacement of the two 
curves at the modulus value in question. The results are shown in Figure 8. 
It would be hoped that the displacement was the same as in Figure 4 (which is 
log 1.781 or —log 0.561) where the second derivative was zero, with some simple 
relationship to the second derivative for nonzero values. Examination of 
Figure 8 shows that neither of these hopes is realized. Where the curves in 
Figure 8 show a fairly linear section, this corresponds to such a small region of 
the modulus curves that this furnishes no useful relation. A similar behavior 
would probably be found for Distribution 47a. Thus, this approach does not 
seem to lead to a useful second approximation for Equation 44. However, 
Distributions 45a and 47a are both fairly extreme in shape, and for distributions 
which are obtained in practice, which are probably closer to the form of 42a, 
Equation 44 should be a fairly satisfactory approximation. 
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It was noted previously that the first approximation expressions (Equations 
11, 26, and 37) hold exactly for a distribution of the form of Equation 42a which 
is illustrated in Figure 4 (provided that one remains well within the limits of 
the distribution function). However, Equations 11 and 26 also hold exactly 
for the Distribution 47a which is shown in Figure 6; and this is of course true 
also for these equations in their generalized forms (15 and 27). It was men- 


E'(logig 2.303 TC 


SECOND DERIVATIVES- ARBITRARY UNITS 


0.4 . 0.8 
(logig t) 


Fra. 8.—Relation between second derivatives of static and dynamic modulus curves and horizontal 
displacement of curves for distribution 45a shown in Figure 5. Arrows by curves indicate direction of in- 
creasing time and reciprocal frequency; dashed line indicates displacement corresponding to distribution 
(Equation 42a) shown in Figure 4. 


tioned in addition that ter Haar’s approximations (Equations 22 and 34) hold 
exactly for the Distribution 47a. The fact that E’(log 7) can be exactly pro- 
portional to the modulus value and also to the slope of the modulus curve 
simultaneously, in both the static and dynamic cases, for this distribution, is 
explained by the fact that the distribution function, static modulus, and dy- 
namic modulus curves are all decreasing exponential curves (in the region well 
within the limits of the distribution), when plotted as in Figure 6, and for such 
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curves the slope is equal to the function value (except for a multiplying constant). 
For the dynamic loss factor, ter Haar’s approximation (Equation 41) holds 
exactly for Distribution 42a but not for Distribution 47a. Ferry’s approxima- 
tion (Equation 39) holds exactly for both Distribution 42a and 47a; the con- 
stant a has the values 2/7 and unity in the two cases, respectively. The in- 
tensity function in the integral of Equation 39 (when the derivative is written 
out in explicit form) is not shown in Figure 7. 


EXPERIMENTAL INVESTIGATIONS 


In the previous sections of this paper, a number of approximate relations 
between static and dynamic mechanical quantities and the distribution of re- 
laxation times have been given, as well as relations between these quantities 
themselves. The experimental data available for checking these relationships 
are not very extensive. However, some work has been done in this direction, 
and will be mentioned here. In all these cases, only the first-order approxima- 
tions were used, and in particular the first-order approximations derived from 
the logarithmic box distribution (Equation 42a). 


TABLE 


ComMPARISON OF OBSERVED Dynamic Loss witH VALUES CALCULATED FROM 
CrEEP CURVES FOR VULCANIZED NATURAL RUBBER ° 


(Vibration period = 20 seconds) 


Type of yvndyn X 1074 vndyn X 1074 
creep curve caled.) (observed) 

Tension 3.7 

Tension 2.70 

Tension 2.47 

Torsion 2.55 


Kuhn and Kiinzle* in 1947 attempted to correlate creep data and free 
torsional vibration data on three samples cut from a sheet of vulcanized natural 
rubber. They showed that for a material with a creep curve which is linear 
in logarithmic time: 


b (49) 


where a is fractional elongation, ¢ is stress, and a and 6 are constants, the dy- 
namic loss is given approximately by the expression : 


1 b 


(50) 


YVNdyn = 
where v is vibration frequency in cycles per second. Their calculations of dy- 
namic loss are shown in Table I with the experimentally determined values. 
Good agreement is obtained. Dynamic modulus could also be calculated suc- 
cessfully from creep data, provided that creep was also measured in torsion. 

Similar calculations of dynamic loss for various vulcanized rubbers from 
static modulus data have been carried out by Dunell and Tobolsky’, essentially 
using Equations 11 and 37. Typical results are given in Table II, where E° is 
the slope of the relaxation curve plotted as static modulus vs. log t. In general, 
experimental values are higher than calculated values by a factor of 2 to 10. 
However, the time range of the relaxation measurements did not overlap with 
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Tas_e II 


CoMPARISON OF OpseERVED Dynamic Loss witH VaLuEes CALCULATED FROM 
Srress ReEvaxaTION Data FoR Various RuBBER Srocks 


E*, 
(dynes /sq. wnd x wnd 10-* 
Stock em. X 107) caled. ) (observed 
Hevea gum E 0.026 0.24 
0.045 0.13 
Hevea tread 0.48 


GR-S gum 
Neoprene-GN gum 


the range of reciprocal frequency of the vibration measurements, and the relax- 
ation data had to be extrapolated. This is probably the source of the discrep- 
ancies obtained here. Calculations of this sort for various textile materials 
gave generally better agreement. Values of dynamic loss calculated by these 
authors from creep data using the method of Kuhn and Kiinzle also tended to 
be somewhat lower than the experimental values, but the same difficulties of 
extrapolation were present in these calculations. 

Lethersich’® has recently attempted to calculate dynamic viscosity from 
creep data for various plastic materials, using these same methods (or approxi- 
mations). His results are given in Table III, where 6 is the slope of the creep 
curve vs. log t, and G is dynamic modulus. Generally satisfactory agreement 
was obtained. The last two columns of this table actually represent ynayn 
as well as nayn, since v = | here. 

As a final example, a comparison is possible between some shear vibration 
data on a polyisobutylene sample at 25° C by Marvin, Fitzgerald, and Ferry", 
and static modulus data on a polymer of the same molecular weight by Andrews, 
Holmes, and Tobolsky”. In this case also, the time ranges of the static modulus 
measurements did not overlap with that of the vibration measurements. How- 
ever, relaxation of stress curves were measured at different temperatures, and 
other studies'® have indicated that curves at different temperatures can be 
superposed on one another by horizontal shift along the log ¢t scale when reduced 
modulus (modulus multiplied by 298/7') is plotted as ordinate; reduced modu- 
lus is identical with actual modulus at 25° C. A composite static modulus 
curve for 25° C extending into the time range of the vibration experiments was 
constructed in this way and is shown as a solid curve in Figure 9. Static modu- 
lus, f/ so, was measured in tension and has been converted to shear units by 


TABLE III 


COMPARISON OF OBSERVED Dynamic Viscosity IN ToRSION WITH VALUES 
CALCULATED FROM CREEP Data FoR Various PLasTiIC MATERIALS !° 


ndyn X 107 at 
1 Cycle/second 


Material ; Observed 
Polyethylene 
Polymethy] 
methacrylate 
Ebonite 
Polystyrene 
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100 2.5 0.55 7 
40 0.47 0.11 
| 0.47 0.11 
40 1.5 0.33 0.85 
100 1.5 0.33 0.68 
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multiplying by }. The position on the curve at which measurements could first 
be made at 25° C is indicated by an arrow. The part of the curve in the region 
of the vibration data was measured at —50° C. Experimental values of dy- 
namic shear modulus are shown as circles and are plotted vs. log 0.561/w as 
abscissa, as indicated by Equation 44. The solid curve and experimental 
points show similar behavior—a marked rise in the same region. However, 
the agreement between static and dynamic modulus values is not so good as 
one would expect from Figures 4, 5, and 6, and further work would be desirable 
to investigate the reasons for this discrepancy. Perhaps the composite static 
modulus curve is not really identical with the curve that one would obtain if 
the whole curve were measured directly at 25° C. 

In general, it can be said that the experimental work done so far seems to 
confirm the correctness of the general theory described here and the usefulness 
of approximate relations derived from it. Where discrepancies are observed, 


12 
POLYISOBUTYLENE (My*480, 000) 


—— 1/3 f/8o9, COMPOSITE STATIC 
MODULUS 


Gayn» OYNAMIC SHEAR MODULUS 


x 10° (DYNES/CM2) 


© 
N 


Gx 


10dig t, (HOURS) 


Fic. 9.—Comparison of static and dynamic shear modulus data on polyisobutylene 
at 25°C. Plotted as indicated by Equation 44. 


reasonable causes for these discrepancies readily suggest themselves. Further 
experimental work is needed to check various aspects of this theory and to ex- 
tend the range of direct experimental knowledge in this field. 


SUMMARY 


Dynamic and static measurements of rubberlike materials can be related in 
terms of a generalized Maxwell model which is assumed to represent the me- 
chanical behavior of the system, the individual characteristics of the system 
being expressed by the nature of the relaxation time distribution of the model. 

Such properties as dynamic modulus and dynamic viscosity measured in 
experiments involving sinusoidal vibrations and static modulus measured in 
experiments of relaxation of stress at constant strain can be expressed by inte- 
grals involving the distribution of relaxation times. The distribution of re- 
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laxation times can, therefore, be calculated from experimental data of this sort 
by suitable mathematical methods. 

Because of the complexity of such calculations when carried out rigorously, 
the use of approximate methods is often desirable. A number of useful approx- 
imate relations can be derived by investigation of the mathematical structure 
of the integrals relating the distribution of relaxation times to the observed 
properties and by examination of the behavior of certain particular relaxation 
time distributions. Attempts to correlate dynamic and static data on the basis 
of this general theory by use of the approximate relations discussed have been 
reasonably successful. 
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ELASTOVISCOUS PROPERTIES OF AMORPHOUS 
POLYMERS IN THE TRANSITION REGION. I.* 


J. Biscnorr, E. Catsirr, anp A. V. 


Frick CuemicaL Princeton University, Princeton, New JERSEY 


INTRODUCTION 


It has been shown previously that for a given amorphous polymer, the stress 
relaxation curves determined at different temperatures may be made to coin- 
cide by a translation along the logarithmic time axis': This makes possible 
the construction of a composite stress relaxation curve or ‘‘master curve’’, valid 
over an extended time scale at any given temperature. The master curve can 
be conveniently plotted in the form of log E,, 7,(¢) vs. log (t), where E,, r(t), the 
relaxation modulus at a temperature 7’, is the stress per unit strain in a sample 
maintained at a constant small strain for a time, t. When plotted in this form, 
a master curve for a given polymer is also valid at any other temperature by 
simply shifting the origin of the log time axis. 

From the master curve E,, 7(t) and from the amount of shift of the log time 
scale at each temperature, a new function Q(t/K) may be defined as: 


E,, r(t) = Q(t/K) (1) 


In Equation (1), K is a function of temperature alone, which will be more 
explicitly defined subsequently, and t has the same numerical value on both 
sides of the equation. The function Q(t/K) is a universal function of t/K 
which is valid at all temperatures, and may, therefore, be called the universal 
master relaxation curve for a given polymer. 

An analytical or graphical representation of Q(t/K), together with an 
analytical expression or tabulation of K as a function of 7, are a complete 
representation of the viscoelastic properties of an amorphous polymer at all 
times and temperatures in the range of strains where the Boltzmann super- 
position principle applies. They can be used in principle to calculate any other 
property, such as dynamic modulus. 

In a previous paper it was shown that the viscoelastic behavior of amor- 
phous polymers can be classified into three distinct regions: a glassy region 
(E,, r(t) ~ 10'> dynes/em.?) where the mechanical properties depend on 
previous thermal history, a transition region where the relaxation modulus lies 
approximately between 107 dynes/em.? and 10!°° dynes/em.? and is independ- 
ent of thermal history and of the molecular weight of the polymer, and a rub- 
bery region where the relaxation modulus is less than 107 to 107-5 dynes/em2 
and depends on the molecular weight of the polymer and on the presence or 
absence of cross-links’. 

In this paper new experimental data for E,,7(t) of a GR-S gum vulcanizate 
at a series of temperatures in the transition region are presented. The GR-S 
vulcanizate used is identical with that used and previously described’. A 


* Reprinted from the Journal of the American Chemical Society, Vol. 74, No. 13, pages 3378-3381, July 
1952. 
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52 


master curve is constructed, an analytical formulation of Q(t/K) is given, and 
the K values at different temperatures are tabulated. The results are com- 
pared with those previously obtained for polymethyl methacrylate, and 
striking similarities between the behavior of these two apparently very differ- 
ent polymers are discussed. 


EXPERIMENTAL RESULTS FOR A GR-S GUM VULCANIZATE 


The apparatus used in this investigation was a modification of the instru- 
ment described by McLoughlin*. Stress was measured by means of a Schaevitz 
differential transformer mounted on a spring dynamometer; the transformer 
output was fed into a Brown Electronik recording potentiometer. Tempera- 
tures in the range between —33° and —64° C were maintained to an accuracy 

* of 0.1-0.2° C. The accuracy of the measured absolute moduli was primarily 


Er,T dyne 
ours. 


6 


Ey, T dyne 


& 


Fria. 1.—Log Ey, vs. log (t) for GR-S gum stock. 


determined by the temperature control, and was approximately 10 per cent. 
This accuracy was satisfactory considering the tremendous variation of modu- 
lus with temperature. In order to keep the stress in an easily measured range, 
the constant strain applied at different temperatures was varied between 0.3 
and 18 per cent according to the initial value of the modulus. 

Figure | shows the stress-relaxation curves at various temperatures, plotted 
as log E,, 7(t) vs. log t. Duplicate points are shown on the curve at —49.5° C 
to indicate the reproducibility of the data. 

Master curve and definition of the characteristic relaration time K.—In order 
to construct the master curve, one may select an arbitary reference tempera- 
ture and slide the plots of EF, r(t)at other temperatures along the log time scale 
until they superpose with the relaxation curve at the reference temperature 7’. 
The time scale of the master curve obtained in this way will be the time scale of 
the reference temperature 7). The relation between the relaxation modulus 
E,, 7(t) at temperature T and the relaxation modulus E,, 7,(t) at temperature 
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To will then be: 
E,, r(xt) = Ey, 7,(t) (1a) 


In Equation (la) « is a function of temperature alone which is completely deter- 
mined if 79 is given®. At first it is necessary to choose the reference tempera- 
ture 7 arbitrarily in order to construct the master curve. Once this is done. 
however, it is desirable to find a less arbitrary definition of 7’) and « particularly 
when different polymers are being compared. 

This can be achieved as follows: the master curve of log E,,r(t) vs. log t in 
the transition region generally passes through an inflection point. We can 
define a new quantity, K, at any temperature as the time (in hours) required 
to attain this inflection point, so that t/K = 1 at the inflection point at all 
temperatures. K has the dimensions of time whereas x was a dimensionless 
quantity’. The values of K and «x differ by the same numerical factor at all 
temperatures. Table I gives the value of K in hours for GR-S at the tempera- 
tures used to obtain the relaxation curves shown in Figure 1. The quantity 
K may be regarded as a characteristic relaxation time at each temperature. 


TABLE I 


TEMPERATURE DEPENDENCE OF CHARACTERISTIC RELAXATION Time K 
IN Hours ror GR-S anp PoLYMETHYL METHACRYLATE 


GR-S Polymethyl methacrylate 


Temp. 
(°C) 
—64.0 
—61.0 
—58.8 
—57.6 
—55.0 
—52.5 
—49.5 
—47.5 
— 44.0 
— 40.0 
—32.8 


The universal master relaxation curb Q(t/K) defined in Equation (1) may 
now be introduced. The plot of log Q(t/K) vs. log (t/K) for GR-S gum stock 
where K is defined as above is shown in Figure 2. The points shown on this 
graph are taken from the original data at the eleven different temperatures 
shown in Figure 1. The experimental times were divided by the K values given 
in Table I and then were plotted in Figure 2. 

Figure 2 also shows a plot of —d log Q(t/K)/d log (t/K) vs. log (t/K). 
The maximum value of this plot obviously corresponds to the inflection point 
of the universal master curve. 

Definition of the distinctive temperature—The temperature dependence of K 
for other polymers has previously been expressed by the Arrhenius relation 
K = A exp (Hat/RT)*. The apparent activation energy is obtained from the 
relation: 

og 
Hect = 2.303R dd/T) (2) 

For polyisobutylene the value of Hact was found to be approximately con- 

stant at high temperatures, increasing markedly however as the temperature is 


Temp. 
Log K (°C) Log K 

2.2 40 6.60 a 

1.40 60 4.50 

0.70 80 3.60 pe 

20 92 3.15 

—0.82 100 2.20 4 

—1.66 110 0.00 

—2.78 112 — 1.85 

—3.32 115 —3.10 : 

—4.7 120 —4.30 : 

—5.5 125 —5.70 

—6.1 
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lowered toward the glass transition (second-order transition) temperature‘. 
For polymethyl methacrylate the apparent activation energy was found to go 
through a definite maximum®. This was also found to be the case with GR-S. 

Figure 3 shows a plot of log K vs. 1/T and also a plot of Hact (defined by 
Equation 2) against 1/7. The Hct vs. 1/T curve goes through a definite 


TR. 
1.059 1.025 1.002 0.978 0.950 
1.091 1.041 1.016 0.991 0.964 
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Fic. 2.—Log Q(t/K) vs. log (t/K) for GR-S; also —d log Q(t/K)/d log (¢/K) for GR-S. 


maximum at a certain temperature. (The plot of Hoct vs. T goes through a 
maximum at the same temperature.) This unambiguously defined tempera- 
ture may be regarded as a distinctive temperature for each polymer and will 
be denoted by Ty. For the GR-S gum vulcanizate, the distinctive temperature 


GR-S sroce 


1/T X 10°. 


Fig. 3.—-Log K vs. 1/T for GR-S; also H vs. 1/T for GR-S. 


Tq is approximately —53° C. This may be compared with the reported value 
of —61° for GR-S polymer for the second-order transition temperature obtained 
from the apparent discontinuity in heat capacity®. 

Analytical expression for Q(t/ K) for GR-S.—Seeking an empirical expression 
to fit the experimental results for Q(t/K), we noticed that the negative deriva- 
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tive of the master curve approximated a Gauss error curve, 1.e.: 


d log Q(t/K) _ — 
where A and h are the adjustable parameters of the Gauss error curve. Upon 
integrating (3) one obtains: 


A f- exp { — [h log (t/K) }} d log (t/K) = log FE; — log E (4) 


where FE, and E2 are the limiting values of the modulus at both ends of the trans- 
ition region; t.e., is the “glassy”? modulus dynes/cem.? for GR-S) and 
Ez is the “rubbery” modulus (107 dynes/cm.? for the GR-S gum vulcanizate). 
By evaluating the definite integral in equation (4) one obtains: 


A= (log — log E2) (5) 


The equation of the master curve therefore is: 


log Fi — log f 


j 
us log t/K 


log Q(t/K) = log FE, + (6) 


Equation (6) can be readily transformed into the more easily handled 
Equation (7): 


h log t/K 
log E; + log E2 log — log E2 Esl az| (7) 
0 


log Q(t/K) = 5 
The quantity within the brackets is the tabulated probability integral. 
The quantities h and log EZ; — log E2 were evaluated from the slope and 

intercept of a plot of: 


d log Q(t/K) 
log |- eae | vs. log (t/K)? 


(This graph is not shown in the paper.) For the GR-S gum vulcanizate, h = 
0.45 and log FE, — log FE, = 2.80. The excellent fit of Equation (7) to the 
experimental points of the master curve is shown by the full curve of Figure 2. 
This curve was obtained from Equation (7) by taking h = 0.45, log FE, = 10.24 
and log Ey = 7.44. The agreement, as can be seen from Figure 2 is excellent 
for temperatures ranging from —64 to —40° C. Some deviation occurs at 
higher temperatures. 

It is clear from Equation (7) that when ¢/K = 1, log Q(t/K) = (log Ei + 
log E2)/2. This, of course, means that log Q(t/K) = (log E; + log E2)/2 at 
the inflection point of the master curve if Equation (6) is valid. However, 
this may also be used as an alternate way to define the characteristic relaxation 
time K, particularly in polymers where the inflection point on the master curve 
is not sharply defined. In other words, K may be defined at any temperature 
as the time in hours required for log E,,7(¢) to attain the value (log E; + log EF») 
/2. 

Analytical expression for Q(t/K) for polymethyl methacrylate—The method 
used for GR-S is also applicable to the previously obtained® master curve for 
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polymethyl methacrylate. As shown in Figure 4, the equation: 


2 0.31 log t/K 

log Q(t/K) = 8.85 — 1.5 Esl e-** az| (8) 
0 

expresses the experimental results for polymethy! methacrylate quite accurately 

in the temperature range between 60 and 125° C. 

The «x values for polymethyl methacrylate used in Reference 2 were calcu- 
lated from Equation (la), using as the reference temperature 7) = 110°. 
Fortuitously this definition of x leads to a scale factor of unity for converting 
x values to K values; this is because E,, 3s3(t) is exactly at the inflection point 
of the relaxation curve after 1 hour. Thus the table of « for polymethyl 
methacrylate given in Reference 2 need only have the heading changed to con- 
form to the definition of K in this paper. The distinctive temperature T, for 
polymethyl methacrylate was reported’ as 111° C. 


TR. 


0.998 0.971 0.951 


n 
o 


© 


2 


log (t/k). 


Fig. 4.—Log Q(t/K) vs. log (t/K) for polymethyl methacrylate; also —d log Q(t/K)/d 
log (t/K) for polymethy! methacrylate. 


Variation of the characteristic relaxation time K with temperature.—If a re- 
duced equation for elastoviscous behavior of polymers were found to be valid, 
one might expect that the distinctive temperatures Ty of various polymers 
would be corresponding temperatures. It would, therefore, be very interesting 
to compare the values of the mean relaxation times Aq of various polymers at 
their respective distinctive temperatures. 

In the case of GR-S, (Ty = —53°), log Kg is about —1.5. In the case of 
polymethyl methacrylate, (Ty = 111°), log Ka = — 1.5 within the limit of ac- 
curacy of our measurements. This coincidence is obviously interesting and 
values of Kg for other polymers should soon decide whether it is accidental. 

In order to compare the temperature dependence of the mean relaxation 
time K for both polymers, it seemed advisable to introduce a reduced tempera- 
ture, Tp = T/T, and a reduced characteristic relaxation time Kp = K/Ka. 
A complete description of each polymer can then be provided by presenting 
the master curve, and along with the master curve a graphical presentation of 
the variation of log Ag with Tp. This latter was achieved in Figures 2 and 4 
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by considering the abscissa of the master curves as a log Kr scale and indicating 
along the upper border of the graph the values of reduced temperature T'z that 
correspond to the experimentally observed values of log Kr. 

The 7'z keys shown in Figures 2 and 4 for GR-S and polymethy] methacryl- 
ate are not identical. This is perhaps to be expected since the master curves 
themselves are not identical. 

Reduced equation for viscoelastic behavior of GR-S and polymethyl methacrylale. 
—The master curves for stress relaxation of GR-S and polymethy! methacrylate 
could be made practically identical if one were to plot: 


[log Q(t/K) — log 


as a function of h log t/K as can be seen by inspection of Equation (7) 

It is reasonable to speculate about the result of placing the 7’, keys for the 
two polymers on such a reduced master curve. Since the abscissa of the re- 
duced master curve is h log (t/K), the TR keys can be compared by plotting 
hlog kg vs. Tp. As can be seen from Figure 5, such a plot gives the same curve 


0.96 0.98 1.00 1.02 1.04 
TR. 


Fig. 5.—h K v8. TR for GR-S and methacrylate: 


; ®, polymethyl! methacrylate. 


for both polymers. This means that the same 7’, key applies to both polymers 
on the reduced master curve. A reduced equation which applies for both can, 
therefore, be written: 


log Q(t/K) } log E\E> 2 


where y = (t/K)* = (tr/Kp)* and tg = t/Ka. 
In the region 0.95 < Tr < 1.05, Kp may be approximated by: 


hlog Kp = — 36(TR — 1) (10) 


Additional experimental data on other amorphous polymers will be neces- 
sary to test the generality of equations (9) and (10). 


(9) 


SUMMARY 


Experimental data on the stress-relaxation modulus E,, 7(t) of a GR-S gum 
vuleanizate at a series of temperatures in the transition region are presented, 
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and a “master curve” of log Q(t/K) vs. log (t/K) is thereby constructed. The 
characteristic relaxation time, K, for each temperature is defined and tabulated. 
A distinctive temperature, Ty, is observed at which the activation energy for 
K is a maximum. Analytical expressions are given which describe the GR-S 
master-curve with great accuracy. The same analytical procedure can be suc- 
cessfully applied to data previously obtained for polymethyl methacrylate. A 
reduced equation is proposed which describes the time and temperature de- 
pendence of Q(t/K) in the transition region for both polymers. 
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THE DIAMAGNETIC ANISOTROPY OF NATURAL 
AND SYNTHETIC RUBBERS * 


ELIzABETH WerR Toor AND P. W. SELWoop 


CHEMICAL LABORATORY, NORTHWESTERN UNIVERSITY, Evanston, ILLINOIS 


INTRODUCTION 


The magnetic anisotropy of rubbers has previously been studied by Mme. 
Cotton-Feytis'. She first observed that vulcanized commercial rubber showed 
some anisotropy and studied the effects of compression, stretching, and hot 
and cold working on crude rubber. By Krishnan’s oscillation method? she 
measured the anisotropy of stretched rubbers, using rubber bands stretched 
around a glass or plexiglas disc. The anisotropy was found to increase in the 
early stages of elongation, but at 400 to 500 per cent elongation the anisotropy 
tended toward a limit, the curve of anisotropy as a function of tension having 
the same general shape as the curve showing variation in intensity of spots in 
the z-ray diffraction pattern of rubber with tension’. 

In this work, the changes in diamagnetic anisotropy on stretching have been 
measured for natural rubber and for several saturated and unsaturated syn- 
thetic rubbers in an attempt to relate the changes in anisotropy with stretching 
to the degree of orientation of the rubbers. 


EXPERIMENTAL PART 


Preparation of samples.—The following rubber samples, and their deserip- 
tions, were supplied by the B. F. Goodrich Company, in the form of thin sheets 
approximately a millimeter thick, between two layers of cellophane‘. 

Natural rubber, No. 1 thin pale latex crepe, essentially a polyisoprene. 
Polybutadiene X-453, a 50 per cent conversion polymer stabilized with phenyl- 
B-naphthylamine, short-stopped with di-t-butylhydroquinone. Polybuta- 
diene-V, a 93 per cent conversion polymer made at 50° and stabilized with 1.5 
per cent phenyl-6-naphthylamine, short-stopped with hydroquinone.  Poly- 
butadiene-VI, a 73 per cent conversion polymer made at 50° and stabilized 
with 1.5 per cent phenyl-8-naphthylamine, short-stopped with hydroquinone. 
Butyl rubber (GRI-50) a polyisobutylene containing about 2 per cent of buta- 
diene or isoprene. Vistanex, polyisobutylene of molecular weight about 
100,000. Vistanex B-100, a polyisobutylene of molecular weight about 100,000. 
Vistanex B-120, a polyisobutylene of molecular weight about 120,000. 

The rubbers were used as small rubber bands, which could be fitted around 
a thin rectangular slab of an isotropic or nearly isotropic substance. This slab 
could then be attached to a suspension for the anisotropy measurement. By 
varying the size of these supporting slabs, the elongation of the rubber band 
could be changed. Polyethylene was chosen as the material for these cores, 
because it has a small anisotropy, is light, and because it is rigid enough that 

* Reprinted from the Journal of the American Chemical Society, Vol. 74, No. 9, pages 2364-2368, May 


10, 1952. This is the third poor from the Chemical Laboratory of Northwestern University on the 
diamagnetic anisotropy of high polymers. 
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thin slabs will not buckle when holding a highly elongated rubber band. A 
series of small rectangular slabs of polyethylene were cut from a thin sheet of 
polyethylene®. The magnetic anisotropy of each slab was measured, and the 
dimensions of each were found with a micrometer caliper. Each slab was 
weighed also. 

A small portion of each sheet of rubber was dissolved in benzene to make a 
cement for forming rubber bands. The rubber Polybutadiene-V would not 
dissolve in benzene or other solvents and no rubber bands were made from this 
sheet. 

A strip of rubber about one inch long and a half-inch wide was cut with 
scissors from the original sheet, avoiding any bubbles or other visible imper- 
fections. The strip was laid on a six-inch square glass plate and the cellophane 
layers on both sides were peeled off with an embroidery needle, care being taken 
not to stretch the rubber nor to mar the surface. By use of a sharp razor blade 
the strip was trimmed to the desired width, 3 to 5 mm. Then the smallest 
polyethylene core to be used was laid across the sample with the upper and 
lower ends protruding about 1 mm. over the side of the strip. The ends of the 
strip were trimmed with a razor until they just met about the polyethylene 
slab. The appropriate rubber solution was applied along the two edges to be 
joined. These edges were then brought together, and if necessary held to- 
gether until they stuck. Then a thin coat of rubber solution was applied over 
the join, followed by one or two more coats at half-hour intervals. When the 
join had dried thoroughly, the band was removed from the polyethylene core 
with a small needle. One or two coats of rubber solution were then applied to 
the inner side of the join. When the rubber band had dried completely, it was 
ready for use, and it was assumed that, on the polyethylene slab used in making 
the band, the rubber was unstretched. 

Magnetic anisotropy measurements—These were made by the Krishnan 
flip-angle method®. The equipment used and the application of the method to 
polymers have previously been described’. All magnetic measurements were 
made at room temperature. 

The diamagnetic anisotropy of each rubber band was determined first on 
the polyethylene core used in making it, and then while stretched on successively 
larger cores. The size of the cores was limited by the necessity of having the 
sample hang freely in the glass tube protecting it. A number of the samples 
wore very thin or started to tear before the largest core was reached, and the 
final measurements on each band were therefore less reliable than those made 
at lower elongations. It should be noted that the anisotropy measured was the 
difference between the susceptibility parallel to the direction of stretching and 
the susceptibility perpendicular to the direction of stretching of the rubber 
band. 

Measurements were also made of the change in anisotropy with time, at one 
elongation, for natural rubber. The anisotropy was measured at one elongation 
after various time intervals, until the anisotropy reached a constant value. 
These measurements were then repeated at each of the higher elongations. 


RESULTS 


Table I shows magnetic anisotropy data for a typical sample of natural 
rubber*. The angle between the plane of the suspended sample and the di- 
rection of the field is given at each elongation. An angle of 0° indicates that the 
direction of stretching was parallel to the direction of the magnetic field when 
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TaBLeE | 
MAGNETIC ANISOTROPY OF NATURAL RUBBER AT VARIOUS ELONGATIONS 


Weight x 10° xX 10° x Elonga- 

(mg.) (observed) (corrected ) (corrected) tion (% ) 
15.00 59 0 
88 20 
109 57 
142 96 
193 151 
268 : 259 


the sample was in its initial equilibrium position. The weight of the rubber 
band is also given. 

The observed value of the anisotropy, AX per gram, is given at each elonga- 
tion of the sample. The observed values were corrected for the anisotropy of 
the supporting polyethylene slabs, and for effects at the ends of the polyethylene 
slabs. These corrected values of the anisotropy per gram are given in the 
fourth column of the Table. The change in anisotropy at each elongation is 
listed as (AX — AX;,) per gram, where AX; is the initial anisotropy of the un- 
stretched sample. The percentage elongation of the sample is given also, 
taking the elongation of the unstretched sample as 0%. 

In Figure 1 the change in anisotropy (AX — AX;) per gram is plotted vs. 
percentage elongation for all samples of natural rubber and of Butyl rubber. 
For each sample of each rubber, the straight line of best fit was determined by 
the least-squares method, and the intercepts and slopes found for all samples 
of each rubber were averaged to give a representative equation for each rubber. 


NATURAL RUBBER 


VISTANEX B-100 


i 
100 200 
Elongation, %. 


Fig. 1.—Corrected magnetic anisotropy of all samples of natural rubber and of Vistanex B-100 vs. 
percentage elongation, showing the variations in anisotropy from one sample to another of the same ma- 
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In Figure 2 (AX — AX,) per gram is plotted for each rubber, using these aver- 
aged equations. Polyethylene, for which the change in anisotropy with elonga- 
tion has previously been measured’, is included in this graph for comparison. 
In these graphs the curves for those rubbers which showed a larger susceptibil- 
ity perpendicular to the direction of stretching have a positive slope, while the 
curves for the rubbers having a larger susceptibility parallel to the direction 
of stretching have a negative slope. The change of anisotropy with time was 
measured for two samples of natural rubber, and was found to be small. 
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0 100 
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Fic. 2.—-Change in magnetic anisotropy of rubber hm penoontons elongation (determined by method of 
least squares): 1, natural rubber; 2, polybutadiene X-453; 3, polyethylene; 4, polybutadiene-XI1; 5, Vis- 
tanex B-100; 6, Vistanex ; 7, Butyl rubber; 8, Vistanex B-120. 


A source of error was introduced into the measurements by uneven stretch- 
ing of the rubber bands on the polyethylene cores, and by small rips in the 
samples, which occurred frequently at high elongations. Thus the actual 
elongation of a sample was not necessarily that which would be calculated 
from the size of the core used. The least squares method of finding the line of 
best fit adjusts only the anisotropy values, and not the elongations. However, 
the results obtained are an indication of the relative magnitudes of the anisot- 
ropy changes occurring with elongation for each of the rubbers. 
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DISCUSSION OF RESULTS 


The rubbers can be considered as uniaxial crystals, with the unique axis 
parallel to the direction of stretching. Bunn!'® reports that x-ray diffraction 
photographs of polyethylene indicate that the electron clouds of the —CH, 
groups are not spherical, but are elongated in the plane of the carbon-hydrogen 
bonds, the plane normal to the chain axis. This distortion would lead to an 
increase in the mean square radii of the electronic orbits of the carbon atoms 
perpendicular to the chain axis, and, since the diamagnetic susceptibility of a 
substance in any given direction is proportional to the sum of the squares of the 
average electronic radii in the plane perpendicular to that direction, it would 
give rise to a susceptibility parallel to the chain axis larger than that perpendicu- 
lar to it. Such an effect has been found for polyethylene’. 

The principal susceptibilities of the rubbers depend on two factors. First, 
the long-chain hydrocarbon skeleton should have an anisotropy comparable to 
that of polyethylene with the larger susceptibility parallel to the chain axis. 
Second, the presence of double bonds, especially in a state of resonance, has 
been found to introduce a diamagnetic anisotropy opposite in sign to that of 
the saturated hydrocarbons", with the larger diamagnetic susceptibility per- 
pendicular to the plane of the double bonds. In an unsaturated rubber, both 
of these effects operate, opposing each other. 

Natural rubber and polybutadiene X-453, both unsaturated, show large 
increases in anisotropy with stretching, and have the larger principal suscepti- 
bility perpendicular to the direction of stretching, and thus perpendicular to 
the double bonds. The third unsaturated rubber, polybutadiene-VI, has its 
larger susceptibility parallel to the direction of stretching, but shows only a 
small change in anisotropy on elongation, the change being almost identical 
with that of polyethylene. 

Natural rubber shows a greater change in anisotropy with stretching than 
does polybutadiene X-453. If the methyl group of the isoprene monomer is 
magnetically isotropic, the anisotropy of the isoprene and butadiene monomers 
should be the same, although the principal susceptibilities of isoprene would be 
larger than those of butadiene. Therefore the difference between the anisot- 
ropies of the two rubbers must be due to differences in orientation of the poly- 
mers. One possible explanation of such differences in degree of crystallinity 
is that natural rubber is the cis-form of polyisoprene”, but that polybutadiene 
is a mixture of cis- and trans-forms. Thus natural rubber has a regular struc- 
ture and crystallization can occur easily, but polybutadiene would have an 
irregular chain, and alignment of neighboring chains would be more difficult. 
Therefore polybutadiene would be more amorphous than natural rubber and 
would have a smaller anisotropy at any given elongation. However, Field, 
Woodford and Gehman”™ found that synthetic polyisoprenes probably do not 
contain any appreciable amount of the trans-isomer, and it is quite possible 
that the same is true of polybutadiene. 

A more likely explanation can be found on consideration of the work of 
Kolthoff, Lee and Mairs'* who analyzed a number of rubbers with perbenzoic 
acid to find the percentage of “external” double bonds, terminal or side-chain 
double bonds, as opposed to “internal” ethylenic double bonds within a chain 
of carbon atoms. It was found that natural rubber has 98.5 per cent of the 
theoretical unsaturation and no external double bonds, although synthetic 
emulsion polyisoprene has 99 per cent of the theoretical unsaturation, 13 per 
cent of this in external double bonds. Emulsion polybutadiene, a 44 per cent 


4 
§ 
+ 
F 
% 
“a 
| 
i 
i 
ear 
ig 


764 RUBBER CHEMISTRY AND TECHNOLOGY 


conversion polymer, had 99 per cent of the theoretical unsaturation, 22 per cent 
of which was in external double bonds, while a 75 per cent conversion emulsion 
polybutadiene had 96 per cent of the theoretical unsaturation and 23 per cent 
external double bonds. The two polybutadienes considered here, Polybuta- 
diene X-453 and Polybutadiene VI, are 60 and 73 per cent conversion polymers, 
respectively, and are thus comparable to Kolthoff’s two polybutadienes. 
There must be far more branching in polybutadiene than in natural rubber; on 
the average there should be one side-chain, formed by 1,2- instead of 1,4-addi- 
tion, to every three repeating units in the polybutadiene chain. This would 
decrease the possibility of crystallization on stretching, and the presence of un- 
saturated side-chains also increases the smaller principal susceptibility parallel 
tothe chain axis, thus decreasing the anisotropy of the polymer. Probably 
the actual degree of crystallinity does not affect the anisotropy to any great 
extent, but rather the possibility of the chain molecules orienting themselves 
parallel to the direction of stretching is the important factor. Short side- 
chains do not interfere much with such alignment, but cross-linking tends to 
prevent it. The major difference between natural rubber and polybutadiene 
X-453 is probably the presence of unsaturated side-chains in the latter. These 
side-chains, if present in the ratio of one to every three repeating units in the 
chain, would be expected to reduce the anisotropy to about one-half that of an 
unbranched chain. This is about the observed decrease in anisotropy from 
natural rubber to polybutadiene X-453, as can be seen from Figure 2. 

Polybutadiene VI appears to be almost amorphous. The number of side- 
chains appears to be about the same for both 50 and 73 per cent conversion 
polymers, according to Kolthoff’s data. However, there is also a decrease in 
the per cent of theoretical unsaturation from 99 per cent in the lower conversion 
polymer to 96 per cent in the higher conversion one. If this decrease can be 
attributed solely to cross-linking, there is about one cross-linkage to every 
twenty chain repeating units in the higher conversion polymer and one cross- 
linkage for every seventy-five or eighty repeating units in the lower conversion 
polymer. A high number of cross-linkages in polybutadiene-VI would prevent 
the molecular chains from aligning themselves parallel to the direction of 
stretching to any great extent and thus decrease the anisotropy greatly. 
There is no obvious reason why the principal susceptibility parallel to the di- 
rection of stretching should be the larger one. 

The four polyisobutylenes, Butyl rubber and the three Vistanex samples, 
all have the larger principal susceptibility parallel to the direction of stretching 
and thus to the extended chain. Since these rubbers are saturated the only con- 
tribution to the anisotropy should be that due to the broadening of electronic 
orbits perpendicular to the chain axis as in polyethylene. However, the princi- 
pal susceptibility parallel to the chain increases much more with elongation in 
the polyisobutylenes than in polyethylene. The methyl groups must cause a 
much greater broadening of the electronic orbits perpendicular to the chain 
axis than do hydrogen atoms. This must also occur in natural rubber, though 
not to the same extent as in polyisobutylene, since natural rubber has only a 
quarter as many methyl groups. Even in polybutadiene the side-chains should 
slightly increase the susceptibility parallel to the direction of stretching, in 
addition to the effects of unsaturation of the side-groups. Thus in natural 
rubber and in polybutadiene X-453 the contribution of the double bonds to the 
principal susceptibility perpendicular to the direction of stretching must be 
even greater than is apparent from Figure 2. 
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Vistanex and Butyl rubber show an almost identical change in anisotropy 
with elongation. This indicates that the degree of orientation is the same in 
both, since the monomer units are the same. Apparently the molecular weight 
of the polyisobutylene also affects the anisotropy, for the change in anisotropy 
with elongation is greater in Vistanex B-120 than in Vistanex B-100. Thus 
there must be a higher degree of orientation in the higher molecular weight 
polymer. Polyisobutylene shows a very strong crystalline z-ray picture at 
high elongations'®, and apparently the higher molecular weight Vistanex B-120 
becomes crystalline at lower elongations than do the other polyisobutylenes. 
Vistanex lies between the high and low molecular weight polyisobutylenes, and 
probably has a molecular weight somewhere between the two, or at least a 
wider distribution of molecular weights. At very high elongations all three 
should approach the same anisotropy change between the unstretched and the 
highly stretched polymers, and Butyl rubber should also approach the same 
limit. 

It should be noted that the change in anisotropy of natural rubber did not 
tend toward a limit at the highest elongations used, as reported by Cotton- 
Feytis'!. However, she did not find this effect at elongations below 400 per cent, 
which is greater than any employed here. Since she only reports the period 
of oscillation in and out of the field for the Krishnan oscillation method, and 
does not report the actual anisotropies of her rubber samples, it is impossible 
to tell whether or not her results at lower elongations agree with those found 
here. 

Finally, the change in anisotropy with time, at any one elongation, was found 
to be small at all elongations, at least for natural rubber, and the changes were 
almost the same for each elongation and, therefore, would not change the slope 
of the curve showing the change of anisotropy with elongation. 


SUMMARY 


The change in anisotropy with elongation has been found for natural rubber 
and for several synthetic rubbers. Unsaturated rubbers have a large principal 
susceptibility perpendicular to the direction of stretching, because of the 
presence of olefinic double bonds. The differences between natural rubber 
and polybutadiene are attributed to the presence of unsaturated side-groups 
caused by 1,2-addition in polybutadiene. Probably the magnetic anisotropy 
of these rubbers depends, not on the actual degree of crystallinity of the rub- 
bers, but on the ability of the long-chain molecules to align themselves parallel 
to the direction of stretching. Therefore the changes in anisotropy with 
stretching are large when there is no cross-linking, and small when cross-linking 
occurs to any large extent. Saturated rubbers have an anisotropy opposite in 
sign to that of unsaturated rubbers. This must be caused by the broadening 
of electronic orbits perpendicular to the direction of stretching. Apparently 
methyl] side-groups cause such a broadening of electronic orbits in polyisobuty- 
lenes, an effect much greater than the similar effect in polyethylene. 
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NUCLEAR MAGNETIC RESONANCE STUDY OF 
TRANSITIONS IN POLYMERS * 


L. V. Hotroyp, R. 8. Coprineton, B. A. Mrowca, ano E. 


Puysics DepaRTMENT, UNiversiry oF Notre Dame, Norre Dame, INDIANA 


INTRODUCTION 


All polymers consisting of flexible long chains show a transition range on 
change of temperature. This “leathery” transition range separates the soft 
“rubbery” state from the hard “glassy” state. The transition occurs both for 
linear and cross-linked polymers. The location and breadth of the transition 
range may be changed, however, by swelling, plasticizing, vulcanizing, and 
loading with pigments. The transition takes place whether the polymer 
crystallizes or not. 

This transition has all the characteristics of a certain type of transition of 
the second order envisaged by Ehrenfest'. Both the specific heat and thermal 
expansion coefficient exhibit a finite jump in the transition range, leading to 
steplike curves without a lambda peak. Other physical properties also change 
in this range as, for example, the stress-temperature relationship which is 
studied in the companion paper”. 

Transitions of this type occur, as is well known, in inorganic and organic 
glasses. They also occur in simpler substances, like glycol and glycerol. 
These substances crystallize very slowly and, on rapid supercooling, the liquid- 
like molecular configurations freeze into an irregular network in contrast to 
the regular lattice they form on crystallization. Many nonpolymers show the 
lambda type of second-order transitions. Such transitions mark the onset of 
ferromagnetism, ferroelectricity, superconductivity, superfluidity in liquid 
helium, order in alloys, and order in molecular crystals. Thus it is clear that 
the molecular mechanisms for second-order transitions must show an unusual 
diversity. At present we have little exact knowledge of them. 

The transitions in glasses as well as in polymers are usually accompanied by 
more or less pronounced time effects. It has been frequently argued that the 
transition itself is not an equilibrium phenomenon and does not represent a true 
thermodynamic singularity, but is merely a dynamic freezing in of certain rota- 
tional degrees of freedom. This important aspect of the problem will be dis- 
cussed elsewhere. Here we take a view akin to that of Fowler and Guggen- 
heim’ that all equilibria in thermodynamics are only relative or metastable, 
and that the applicability of thermodynamics to the experiment depends on 
the time scale of the experiment. 

In most second-order transitions there are changes in the internal motion of 
groups of atoms. The nuclear magnetic absorption method‘ or the nuclear 
induction method® demonstrate directly such internal motions and their change 
on varying the temperature. This method has already been applied to the 

* Reprinted from the Journal of Applied Physics, Vol. 22, No. 6, pages 696-705, June 1951. The paper 
ete part of a thesis submitted to the Graduate School of the University of Notre Dame in partial 


fillment of the requirements for the degree of Doctor of Philosophy. The present address of L. V. 
Holroyd is the University of Missouri, Columbia, Missouri. 
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study of transitions in materials of relatively simple structure®. The present 
paper presents a preliminary study of transitions in polymers by nuclear 
magnetic absorption. 


BRIEF DESCRIPTION OF NUCLEAR RESONANCE METHOD AS APPLIED 
TO THE STUDY OF POLYMERS AND OTHER SOLIDS? 


In the nuclear magnetic resonance method, a substance containing nuclei 
of magnetic moment yw and spin J is placed in a homogeneous magnetic field H. 
In this field the nucleus may occupy one of (2 + 1) available Zeeman levels. 
In the following we shall consider only the case of protons, where J is equal to 
}. Then one has only two Zeeman levels, corresponding to a parallel and an 
antiparallel orientation of the proton magnetic moment with respect to the 
applied magnetic field. The energy difference bet ween these two levels is: 


AE = pH — (— wH) = (1) 


Now if an alternating field is introduced at right angles to the magnetic field H 
with the Larmor frequency given by: 


vy = AE/h = QpH/h or w = yH (2) 


a resonant absorption will take place. 

For a magnetic field H of the order of 7000 gauss and a proton magnetic 
moment p equal to 1.4 X 10~% erg/gauss, one obtains from Equation (2) a fre- 
quency v, of the order of 30 megacycles, ¢.e., the alternating field satisfying the 
resonance condition is in the radiofrequency range. The width and amplitude 
of the absorption line depends on the substance, e.g., the polymer, containing 
the protons. When a substance is put into a magnetic field H, the interaction 
between the proton spin system and the lattice enables the spin system to attain 
thermal equilibrium after the lapse of time measured by a spin-lattice relaxa- 
tion time 7. An rf field tends to disturb this thermal equilibrium of the spin 
system. However, the interchange of energy between the proton spins and the 
lattice enables the spin system to again attain thermal equilibrium provided 
the energy input is sufficiently small to avoid saturation. In thermal equilib- 
rium, the fractional ratio of the population of the two Zeeman levels varies in 
accordance with the Boltzmann relation as 1:e~44/*7. Using the above values, 
this ratio is about 1/10-*. This accounts for the feebleness of the resonance 
absorption and the need for extremely high amplification. 

A second relaxation time occurs because of the magnetic or spin-spin inter- 
action of the nuclei, leading to an interchange of energy between the spins. 
The resultant spin-spin relaxation time 7’; determines principally the broaden- 
ing of the absorption line width. The experimental results in this paper are 
chiefly concerned with this spin-spin interaction as it is modified by transitions 
in the substance, e.g., the polymers containing the protons. 

In a dielectric, paramagnetic, or ferromagnetic substance, the effective 
magnetic field at the site of any atom is not simply equal to the externally ap- 
plied magnetic field. Superimposed on the latter there is a local field due to 
neighboring atoms. Similarly, the spin-spin interaction leads to the develop- 
ment at the site of any resonating proton of a local magnetic field H ioc, which in 
solids and glassy polymers may be of the order of several gauss. This local 
field causes a fluctuation of the effective magnetic field. Thus, the resonance 
condition is modified so that: 


+ H joc) (3) 
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implying a broadening in the resonance line width by an amount 
6E = or bw = 6E/h = = YAH (4) 


The spin-spin relaxation time can now be introduced by means of the uncer- 
tainty principle: 
T2 h/6E toc (5) 


Since Hioe represents a deviation of the magnetic field from an average H, in- 
homogeneities of the field also broaden the line and determine, in fact, the lower 
limit of line width which can be observed with the particular magnet used. 
From the above simple picture, one would expect the line width dw/y due to 
spin-spin interaction to be of the order of H joc, i.e., of the order of several gauss. 
In fact, most solids, including polymers in the glassy state, exhibit a line width 
of this order of magnitude. However, for some solids, for polymers in the 
rubbery state, and for liquids and gases, the line width is limited only by the 
inhomogeneity of the magnet used. This narrowing of the line width was first 
explained by Bloembergen, Purcell, and Pound® as due to an averaging out of 
the spin-spin interaction resulting from free or partly hindered motion of the 
resonating protons in their surroundings. This averaging-out process is most 
easily understood in the extreme case of a proton residing in a freely rotating 
molecule, for it is clear that the rotational periods in this case are much smaller 
than the times associated with nuclear magnetic resonance. For water, Bloem- 
bergen, Purcell, and Pound predict a theoretical line width of 10~* gauss, which 
in practice is, of course, swamped by the lower limit in width imposed by 
magnetic field inhomogeneity. For some rubbery polymers containing pro- 
tons, the line width is presumably larger than 10~‘ gauss but still less than the 
width due to our field inhomogeneity. 

Debye’, in his theory of dielectric dispersion in polar liquids, introduced a 
relaxation time 7, defined as the time during which tne reorientation of dipoles 
persists. In a similar way Bloembergen, Purcell, and Pound introduce a cor- 
relation time 7,, which is related to Debye’s 7 by a factor of the order of unity. 
For the case of a polymer, 1/7, may be taken as a measure of the average jump- 
rate with which the movable molecular groups change (around a single C—C 
bond) from one minimal position to another in, say, a threefold potential. 
This process, which might be termed a quasi-free rotation, will be described in 
more detail later. It is well known that for polar polymers, Debye’s single 
relaxation time 7 has to be replaced by several or by a whole spectrum of relaxa- 
tiontimes. Similarly, the single correlation time 7, introduced by Bloembergen, 
Purcell and Pound will have to be replaced by a whole spectrum of correlation 
times in the case of polymers. In the absence of a more elaborate theory a 
single correlation time 7, could be used representing an average value for the 
spectral distribution. The effect of tr, on TJ: and consequently on the line 
width has been discussed quantitatively by Bloembergen, Purcell, and Pound 
assuming nearest neighbor interaction between the resonating protons. The 
relationship between 72 and 7, is given by: 


(1/72)? = C tan“ (27,/T2) (6) 


where the constant C depends on the internuclear distance and other constants 
which are independent of frequency and temperature. A distinction must now 
be made for two cases: (a) If 7, is much greater than 72, then 7’. = (2/rC)}, 
which can be shown to be equal to 7,’’, the relaxation time associated with a 
rigid lattice. In this case, AH = 1/yT2", and T»"’ represents the average life- 
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time of the nucleus in a particular energy state or orientation. Since 7, is much 
greater than 7,’’, the slow fluctuation of the internuclear fields has a negligible 
influence on the spin-spin interaction. (b) If, on the other hand, 7, is much 
smaller than 72, then T, = Cr, and AH = (1/y2C)r,. In this case, the spin- 
spin interaction is greatly diminished and the relaxation time is increased cor- 
respondingly because of the averaging out of the local field during the lifetime 
of a nuclear state. Equation (6) may be rewritten in terms of a correlation 
frequency”? as: 

(6v)? = A?(2/m) tan { a(dv/v,)} (7) 


where v, = (277,)~' is defined as an average frequency of spatial rearrangement 
of a molecular complex. 6v is the line width on a frequency scale obtained from 
the observed width of the magnetic resonance line, the width of the line being 
taken as the distance on a magnetic field scale between the maximum slopes of 
the absorption signal. 

The constant A in the above relationship clearly represents the line width 
for a rigid lattice where vy, approaches zero. With increasing lattice motion, 
the line width decreases. Line widths for solids are usually of the order of a 


Fie, 1.—A schematic diagram of the apparatus. 


few gauss, which correspond to values on the frequency scale of several tens of 
kiloeyeles. It follows then from the above relation, that absorption lines are 
narrowed by comparatively low frequencies, provided these frequencies exceed 
that represented by the half-width of the resonance line. 


APPARATUS 


The technique employed in obtaining and measuring the absorption signal 
was basically that described by Bloembergen, Purcell, and Pound*. A block 
diagram of the apparatus is shown in Figure 1. The sample (about one cubic 
centimeter in volume) was housed in the rf coil L; which is part of the tuned 
circuit of the twin T bridge. A General Radio 805C Standard Signal Generator 
supplied the 30 me rf field. The bridge was usually balanced to 60 or 70 db, 
although for strong signals a lesser balance was sufficient. The unbalanced 
signal at resonance was detected by a Hallicrafter SX-42 receiver. For weak 
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signals, the magnetic field was varied over a small portion of the absorption line 
and the final amplification was obtained by means of a lock-in narrow band 
amplifier". 

The magnet used to produce the static field H was a high voltage, low cur- 
rent electromagnet. An electronic regulator was used to hold the current stable 
to one part in 10°. A current of 300 ma was sufficient to produce the necessary 
7050 gauss for observing the proton resonance. By careful lapping of the pole 
faces, a region near the center of the faces was located with an inhomogeneity 
of less an 0.1 gauss over the area of the sample used. The inhomogeneity of 
0.08 gauss represents the line width obtained for a water sample whose theoreti- 
cal value is of the order of 10-4 gauss. Line widths could be measured to an 
accuracy of <0.01 gauss for narrow lines and to <0.1 gauss for very broad 
lines. The static field was modulated by a 30-cycle field of several gauss to 
produce a repetitive absorption signal. 

Low temperatures were controlled and maintained by a dry ice alcohol 
reservoir in contact with the shield housing the radiofrequency coil and sample. 
Above room temperature, the reservoir was filled with a suitable liquid, the 
temperature being controlled by an immersion-type heater. 


SURVEY OF LINE WIDTHS AS AFFECTED BY VARIOUS FACTORS 
LINE WIDTHS AT ROOM TEMPERATURE 


Line widths at room temperature have been obtained for a number of 
polymers, some of which are presented in Table I. 


[ 


30 parts 50 parts 
Cured carbon carbon 


Natural rubber H 0.16 0.18 0.67 

GR-S 0.27 0.57 0.67 

Hycar OS-10 ; 0.57 

Butyl 0.38 0.42 

S-polymer 30% styrene 50% styrene 75% styrene 
uncured 

Line width 1.5 1.9 5.8 


The natural rubber and GR-S widths shown are lower than those reported 
in our preliminary results’ because of an improvement made in the homogene- 
ity of our magnetic field. Room temperature line widths for other polymers 
studied may be obtained from the line width transition curves. The width 
of 0.08 gauss represents the minimum value that could be measured, and is 
attributed to magnetic field inhomogeneity. Therefore, both the unvulcanized 
natural rubber and GR-S may have line widths narrower than 0.08 gauss. 
GR-S and Hyear OS-10 are approximately 70/30 and 50/50 butadiene-styrene 
copolymers. respectively. The S-polymers are isobutylene-styrene co-poly- 
mers, the numbers referring to the approximate styrene content. Plexiglas is 
polymethyl-methacrylate. 

The extremely narrow line obtained for natural rubber and GR-S makes 
plausible the assumption of quasi-free rotation of proton groups which is made 
in the statistical network theory of rubber elasticity, since the averaging out 
of the magnetic interaction between protons requires a high degree of mobility. 
The term quasi-free rotation is not to be understood as a free rotation of groups 
around single C—C bonds as originally envisaged in organic chemistry. 
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Rather, it implies that molecules or groups of molecules jump quite abruptly 
about the single C—C bonds in a random manner from one minimal position to 
another within, say, a three-fold potential. These jumps occur very rarely on 
a molecular time scale, and are separated by billions of oscillations about these 


Fig. 2.—Resonance absorption line for water. 


minimal positions. It is, of course, the rate v (occurring in Equation (7)) of 
these sudden jumps which determines the line width and which, conversely, is 
inferred from the line width data. This jump rate may be of the order of 10° 
sec”', while the torsional oscillation frequency may be of the order of 10" sec~!. 


Fra. 3.—Resonance absorption line for natural rubber. 


Figure 2 shows the resonance absorption line for a water sample, as viewed 
on an oscilloscope. It represents a plot of the rf absorption as a function of 
magnetic field intensity. The width of the line, as measured between points of 
maximum slope on the curve, was 0.08 gauss. The theoretical line width for 


i 
| 
; 
3 
F 
| 


STUDY OF TRANSITIONS IN POLYMERS BY RESONANCE 773 


water is of the order of 10~* gauss*. The absorption line for the natural rubber 
is shown in Figure 3. The measured value was the same as that obtained for 
the water sample, representing the limit of our resolution. The line width for 
the rubber sample is probably larger than that for the water sample, but a 
further comparison would have to be made by an estimate from thermal relaxa- 
tion data. The occurrence of “‘wiggles’’ in both signals is a transient phenom- 
enon characteristic of very narrow lines obtained in homogeneous magnetic 
fields’. Figure 4 shows the line shape for Butyl rubber. The line width here 
is several times that for natural rubber and represents the actual width, since 
it is above the limit of resolution of our magnetic field. Butyl rubber is a 
copolymer of isobutylene containing isoprene to the extent of a few per cent. 
The bulkier structure compared to Hevea and GR-S accounts for the greater 
hindrance to the quasi-free rotation in Butyl rubber, which results in a con- 
siderable broadening of the observed absorption line. 


Fia. 4.—Resonance absorption line for Butyl rubber. 


EFFECT OF CRYSTALLIZATION ON LINE WIDTHS 


A preliminary study of line width variation with temperature in natural 
rubber was reported by Alpert'*, and by Mrowea, Holroyd, and Guth", 

On lowering the temperature, the signal was found to decrease in amplitude, 
indicating a decreased number of groups contributing to the resonance phe- 
nomena. At dry-ice temperatures, the signal was so weak as to preclude any 
accurate measurements, although the absorption line appeared to be quite 
narrow. The second-order transition in natural rubber is known to occur at 
about —73°C. Hence, no appreciable increase due to this cause was expected 
at temperatures above —73° C. Natural rubber, however, is also known to 
crystallize at various rates in the temperature range from 0° C to —40° C, the 
maximum rate occurring at about —20° C. Below —40° C crystallization is 
negligible. 

An uncured sample of natural rubber was cooled very rapidly to dry-ice 
temperature and inserted into the system, which had been precooled to about 
—35° C. A strong signal was obtained and the line width was found to be 
limited by magnetic field inhomogeneity. The broadening and disappearance 
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of the absorption line on slow cooling could be explained, therefore, by erystal- 
lization, a process which supresses the quasi-free rotation of molecular groups 
in a major fraction of the material. This was further confirmed by observing 
the broadening and disappearance of the line with time when the temperature 
was held constant at —25° C. 


EFFECT OF CROSS-LINKING, LOADING 
AND COPOLYMERIZATION 


One would expect that vulcanization and loading with carbon black would 
hinder internal molecular motion, and thus broaden the line as observed. One 
would also expect increasing amounts of styrene to have an effect similar to 
vulcanization or carbon black loading. The observed line widths are seen to 
increase as we go from GR-S to Hycar OS-10, and from S-polymer 30 to 50 and 
finally 75 per cent. It will be of interest to study all these effects in greater 
detail, in particular the effect of loading and the effects as determined by the 
chemical structure of the monomers. 


STUDY OF LINE WIDTH THROUGH THE TRANSITION RANGE 


Hyear OS-10, Hycar OR-15, polymethylmethacrylate, and polystyrene do 
not crystallize. Hence, line widths can be studied in these materials as a func- 
tion of temperature without the complication introduced by crystallization. 


HYCAR OS-10 
* CURED 
UNCURED 
avsT 


SH GAUSS 


La 


“33 “23 “15 -3 
TEMPERATURE °C 


hia. 5.—Solid curves show line width vs. temperature for cured and uncured Hycar OS-10. The dotted 
curve shows the linear thermal expansion coefficient a X 10‘ vs. temperature. 


Figure 5 shows the transition curves for uncured and cured Hycar OS-10. 
For the cured sample, the transition range is considerably broader than for the 
uncured stock. The line-width change is surprisingly sharp for a material so 
inhomogeneous and irregular. It seems plausible to consider the change as a 
three-step process. The initial increase in line width as the temperature is 
lowered could be associated with a gradual decrease in the free volume of the 
molecules. This interferes with the relative motion of adjacent chain seg- 
ments. The sudden increase in line width as the temperature is lowered still 
more suggests a fairly abrupt cessation of the quasi-free rotation about single 
C—C bonds. The final step, a further gradual increase in line width, could be 
explained by assuming a further gradual hindrance to the sliding of adjacent 
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segments past each other. Conversely, starting with increasing temperatures, 
one would assume that holes must first be created for motion of the segments 
before quasi-free rotation in the segments can set in. As Figure 6 shows for 
polystyrene, the line width should finally level off on both sides of the transition 
curve. This leveling off seems to start at the temperature at which a discon- 
tinuity in the curve for the thermal expansion coefficient (a) vs. temperature 
occurs. This is shown in Figure 5. It is likely that this discontinuity marks 
the appearance of free volume, making plausible our tentative interpretations. 
The a vs. T curve dotted in Figure 5 was obtained by differentiation of the 
volume-temperature relation in Figure 13 of the companion paper and, there- 
fore, shows some spread. The a vs. T curve refers to the cured stock. 

This three-step transition must be attributed to forces involving only near 
neighbors. The sudden change in line widths suggests that it is due to a co- 
operative effect, such as the formation of domains in which molecular motion is 
impeded. These domains, however, must be assumed too small to be detected 
by customary x-ray diagrams. One would expect that abrupt changes in the 
elastic properties of the material should accompany such a suppression of 
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Fic. 6.—Line width vs. temperature for a commercial polystyrene sample. 


internal motion. It is reasonable to assume that curing would tend to provide 
additional hindrance to group motion, and that it would interfere even more 
strongly with the formation of cooperative domains, just as it does in the case of 
crystallization in natural rubber. Thus, one may explain the larger initial line 
width and the more gradual change in AH observed in the cured Hycar OS-10. 

In contrast to Hycar OS-10, the line width transition for Plexiglas, shown in 
Figure 7, is more gradual. The initial line width is considerably higher, as one 
would expect in view of the polar character of the material. 

In Figure 8, the line width transition for Hycar OR-15 is compared with that 
for Hycar OS-10. The higher initial and final values and the more gradual 
change in AH obtained for Hycar OR-15 are not surprising in view of the pres- 
ence of polar nitrile groups attached randomly along the chain. The a vs. T 
curve (lower dashed curve in Figure 7 arbitrary units) also shows a jump to the 
left of the inflection point in the AH vs. T curve, as was the case for Hycar 
OS-10. The a vs. T curve was obtained by differentiation of a volume temper- 
ature curve’, 
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Bekkedahl and Scott'® have measured the specific heat of crude Hycar 
OR-15 over a temperature range from 15° to 340° K. The specific heat- 
temperature curve (upper dashed curve in Figure 8) shows an abrupt increase 
in heat capacity by about 40 per cent at a temperature of 250° K. The shapes 
of the a vs. T and C, vs. T curves are somewhat similar. The difference in the 
temperature at which the jump occurs may be explained by the fact that the 
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Fie. 7.—Line width vs. temperature for Plexiglas. 


a vs. T curve was obtained for a loaded (30 parts E.P.C.) and vulcanized stock, 
while the C, vs. T curve was obtained for the crude material. Both vulcaniza- 
tion and carbon black loading tend to shift the jump to a higher temperature, 
as illustrated in Figure 5, where a comparison is made for a crude and a vul- 
canized material. 


HYCAR OS-10 

HYCAR OR-IS 
SPECIFIC HEAT OF 
HYCAR OR-IS 

T HYCAR OR-15S 
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Fig. 8.—Solid curves show the line width vs. temperature for uncured Hycar OS-10 and Hycar OR-15. 
The upper dotted curve is the specific heat in arbitrary units vs. temperature for Hycar OR-15. The lower 
—— curve shows the linear thermal expansion coefficient @ in arbitrary units rs. temperature for Hycar 
OR-15. 


The hardening of polymers is undoubtedly due to either inter- or intra- 
molecular interactions on a microscopic scale. Qualitatively, one would think 
that for polymers (such as Hevea rubber for example) which readily crystallize, 
the effect of intermolecular forces is dominant. On the contrary, for polymers 
which erystallize slowly or not at all one would think that the intramolecular 
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a. 9.—Line width vs. temperature for Hycar OS-10 swelled in benzene. 


forces should play an important role. In the latter case, the energy barriers 
to quasi-free rotation may be considerably higher than in the crystallizing 
polymer. In the interest of gaining some insight into this mechanism, a study 
of line widths through the transition region was made on samples swollen in 
benzene. 

The absorption line width for pure benzene was investigated by Andrew" 
over a temperature range from a few degrees Kelvin up to the melting point. 
No anomalous behavior in the benzene absorption line was found between 120° 
K and the melting point. The line width over this region of temperatures was 
found to have a constant value of 3 gauss. The amplitude of the absorption 
signal obtained for the unswelled polymer was several orders of magnitude 
greater than that obtained for pure benzene. The contribution to the signal 
from the benzene in the polymer was, therefore, negligible. The comparatively 
narrow lines obtained for swollen Hycar OS-10 was attributed to the polymer. 

The Hycar OS-10 samples were swelled 5, 10, 25, and 150 per cent by weight, 
the numbers representing parts by weight of benzene added to 100 parts of 
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Fic. 10.—Transition temperature vs. per cent swelling for Hycar OS-10. 
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Fic. 11.—Line width vs. temperature for three butadiene styrene copolymers. 


polymer. The samples were allowed to swell at room temperature over a 
period of several days to insure uniformity. The results are presented in Figure 
9. As little as 5 per cent swelling produces ~ drastic change in the initial line 
width and the transition temperature. The initial line width of 8 gauss at a 
temperature of —35° C for the unswelled sample is reduced to about 1.8 gauss, 
and the line transition temperature is shifted to a lower value. Increased 
swelling gave progressively lower starting line widths and lower transition tem- 
peratures. The line widths at the higher temperatures likewise become nar- 
rower until they were finally determined solely by magnetic field inhomogeneity. 
Figure 10 shows the change in transition temperature as a function of swelling. 
The decreased line width with increased swelling throughout the entire tempera- 
ture range shows that, in the unswelled glassy state, the line width is mostly dve 
to intermolecular interaction, since swelling tends to increase the effective dis- 
tance between chains and thereby decrease the interaction between adajcent 
chain molecules. Thus, more holes (or a larger free volume) are provided for 
motion of the chain segments. From the present work, however, no quantita- 
tive conclusions can be drawn as to the relative amounts of inter- and intra- 
molecular interaction involved in the transition range. The results do indicate 
that intermolecular interactions seem to predominate at least for Hycar OS-10. 
The probability of phase separation because of freezing-out of benzene will have 
to be considered, however. Further swelling studies are underway. 

Figure 11 shows line width transitions for three butadiene styrene copoly- 
mers which have been studied by dynamic mechanical methods at a frequency 
of 0.2 cycles per second'’. The available data for these three samples is listed 
in Table IT. 

The line transition temperatures for Samples 1 and 2 correspond quite well 
with those obtained by the mechanical test method. Sample 3, however, shows 
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Fia. 12.—Line width vs. temperature for two polystyrene fractions. 


a somewhat anomalous behavior. The relatively greater sharpness of the 
transition would indicate greater homogeneity of material than was realized in 
the first two samples. The increased transition temperature is consistent with 
the higher intrinsic viscosity, as seen in Table II. 

Line-width transitions have also been investigated for two closely cut poly- 
styrene fractions. The molecular weights of the samples are 1,500,000 and 
447,000, respectively. The dynamic mechanical properties have been found to 
be independent of the molecular weight over this range of fractions'®. The 
variation of the absorption line width with temperature for these fractions is 
shown in Figure 12. The transitions to narrower line widths are quite abrupt 
when compared to a commercial polystyrene sample (see Figure 6), indicating 
that the broadness of the transition region may be at least partially due to a 
distribution in chain length which characterizes an unfractionated polymer. 
The transition temperature shifts with increasing molecular weights to higher 
values. Below the transition region, the line width for all fractions, as well as 
for the commercial sample, levels off to a common value of about 8 gauss. 
At temperatures above the transition, the line widths, in all cases, seem to fall 
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Fie. 13.—Line width vs. temperature for styrene monomer. 
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off to a value of the order of one gauss. A further decrease in line width to 
lower values was observed at higher temperatures but was not studied in detail. 

The line width obtained for styrene monomer was investigated over a tem- 
perature range from room temperature to —45°C. As shown in Figure 13, the 
width remained constant, limited by field inhomogeneity from room tempera- 
ture to —35° C. This behavior is characteristic of liqiids. A very sharp rise 
to a value of 8 gauss for H was obtained at —35° C, a behavior usually observed 
at the melting point of crystalline materials. Styrene monomer is reported to 
have a melting point of —30.56° C. The sample used was not feshly distilled, 
so it may have been partially polymerized in spite of the presence of an inhibitor. 
The line widths for crystallized styrene and glassy polystyrene are about the 
same. 

A AH vs. T curve for polyethylene was obtained by Newman”. It shows a 
transition region about as broad as the one obtained for Plexiglas. 


SURVEY AND DISCUSSION 


What conclusions about the mechanism of the transition in polymers can be 
drawn from our work? Before we attempt to answer this question, it may be of 
interest to survey briefly some other work on transitions in nonpolymers by 
nuclear magnetism, in so far as this work is relevant to our discussion. Recent 
investigations have been reported by Alpert'*, Gutowsky and Pake!®, Andrew", 
and Sachs, Turner, and Purcell*'. A survey of the available data on the ma- 
terials studied by nuclear absorption leads to the following considerations. 

A decrease of the line width with increasing temperature resulting in an in- 
flection point in the line width vs. temperature curve must necessarily be at- 
tributed to the onset, or increase in frequency, of the motion of molecular groups 
containing protons. This, however, does not exclude the possibility of internal 
motion below the inflection point, if it occurs at such a low frequency or is 
limited to such a small fraction of the material that it is not detectable by line 
absorption. The existence of an inflection point in the width vs. temperature 
curve, on the other hand, is not sufficient for the occurrence of a corresponding 
change in the macroscopic properties, such as specific heat or thermal expansion. 
This has been shown to be the case for some of the hydrocarbons, such as 1,1,1- 
trichloroethane, 2,2-dimethylpropane, ethyl bromide’®, benzene, anthracene, 
and ammonium. By measuring the thermal relaxation time (7), Purcell, 
Sachs, and Turner® were able to show that, for benzene and the ammonium 
halides, there are too few molecules participating in the line width transition to 
show in a corresponding change of macroscopic properties. The converse 
situation may also occur. A transition showing in an anomalous specific heat, 
for example, is not necessarily detectable by a corresponding change in the line 
width. The specific heat anomaly in 2,2-dimethylpropane is one such example. 
An interesting example if furnished by the transition in methane at 20° K. In 
this case, a specific heat anomally does occur. The transition was interpreted 
as due to the activation of the rotational rather than the vibrational degrees of 
freedom. However, accurate measurements made by Thomas, Alpert, and 
Torrey” did not show any change of the line width through this transition 
range; although a change in the relaxation time 7, was observed. Therefore, 
the interpretation of this transition as being due to the onset of rotation is un- 
tenable. It should probably be attributed rather to the onset of directional 
order. Interestingly, 7; was found continuous across the melting point. 

From the steepness of the step in the line width vs. temperature curve, some 
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conclusions can be drawn, in principle, about the nature of the transition. A 
steep transition may be due to a cooperative phenomenon, whereas a more 
gradual one may correspond to a noncooperative one. The latter, of course, 
cannot be called a transition in a thermodynamic sense. In practice, it seems 
difficult to draw the line between a cooperative and a noncooperative type of 
transition, particularly in the absence of a theory for the transition in question. 
This is exemplified by the work of Gutowsky and Pake on perfluoroethane’®. 
From the specific heat anomaly at 104° K, one would, perhaps, conclude that 
this second-order transition is of a cooperative nature. However, if the step 
in the width vs. temperature curve is broad, and especially if there is no cor- 
responding change in macroscopic properties, e.g., the case of 1,1,1-trichloro- 
ethane, reported by Gutowsky and Pake”®, it is perhaps more reasonable to infer 
a noncooperative phenomenon. 

If from the change of macroscopic properties one can conclude that the 
transition is cooperative, then it may be possible to decide between various pos- 
sible mechanisms responsible for the transition. Alpert'*, in particular, has 
tried to decide in this manner whether the transition involved a change from 
vibration to rotation, the mechanism assumed by Pauling™ and Fowler’, or a 
change from order to disorder, as postulated by Frenkel®® and Landau®*. For 
a finer distinction, it would be of interest to show that, for instance, if the specific 
heat data can be equally well represented on the basis of either assumption, the 
line width change computed on the basis of Fowler’s model differs greatly from 
that given by Frenkel and Landau’s model. As pointed out by Alpert, an 
order-disorder transition cannot be inferred from line width vs. temperature 
data alone. Both a gradual as well as a more abrupt transition in AH are com- 
patible with an order-disorder transition. 

It is evident that although line width vs. temperature data are of great value, 
they must be supplemented by other measurements in order to reveal the 
nature of the mechanisms involved in transitions. If this is true in the case of 
simpler substances, it is even more so in the case of polymers. It is for this 
reason that a comprehensive program was undertaken at Notre Dame to meas- 
ure also the following relationships through the transition range. (1) Thermal 
expansion coefficient (a) vs. temperature, (2) length vs temperature (at con- 
stant force), (3) stress vs. temperature (at constant extension), (4) stress vs. 
relaxation (at constant extension), (4) stress vs. relaxation (at constant tem- 
perature), and (5) dynamic measurements (sound transmission). 

We discuss here briefly only the @ vs. T relationship, since it refers to the 
unstretched state, the state employed in the nuclear absorption experiments. 
As seen in Figures 5 and 8, both Hycar OS-10 and Hycar OR-15 show a dis- 
continuity in the thermal expansion coefficient. It is plausible to assume a 
similar behavior in the C, vs. T curves so that it is sufficient to consider only the 
avs. T curves. The discontinuity in the a vs. T curve for both of the above 
polymers, as well as for polystyrene, is about 15° C below the inflection point 
in the AH vs. T curve. As a molecular mechanism responsible for the discon- 
tinuity in the thermal expansion coefficient, it has been tentatively assumed 
that it is connected with the formation of holes in the polymer which make 
possible a greater degree of mobility in the chain segments. The inflection point 
in the absorption line width on the other hand has been attributed to the onset 
of quasi-free rotation around a single C—C bond. Regardless of whether these 
assumptions are true or not, the occurrence of discontinuities (in roughly the 
same temperature region) in a macroscopic property and in the line width 
shows that a macroscopically observable number of molecular groups partici- 
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pate in the processes leading to a narrowing of the line width. From this alone 
it does not follow, of course, that the transitions in polymers are of a cooperative 
character, although this qualitative inference was drawn from the steepness of 
the jump in the line width of Hycar OS-10. It was also concluded from the 
effect of swelling that the line width in the glassy state is mostly due to inter- 
molecular interaction. Furthermore, the line width in crystallized styrene 
seems to be about the same as in glassy polystyrene, showing that, in the glassy 
polymer, the protons are in the same local field as in the crystallized monomer. 
The specific volume is larger in the glassy than in the crystalline state. The 
volume-temperature relationship for polystyrene shows an anomaly in the 
transition region. The location of this transition region has been shown to de- 
pend on the rate of cooling. No such time effects were observed in the line 
width-temperature curves during the relatively short times necessary to make 
the measurements. The line width data were obtained by successively lower- 
ing and raising the temperature with no observable hysteresis. However 
further investigation will be necessary regarding such things as time effects, 
the effects of stress in the material, etc., and how these effects are reflected in 
the line width, line shape, and the thermal relaxation item. The preliminary 
results reported in this paper will have to be supplemented by further experi- 
mental and theoretical work, which, when properly correlated, should help to 
clarify the mechanism involved in polymer transitions. 


SUMMARY 


Nuclear magnetic resonance absorption line widths have been studied for 
several high polymers. The proton line widths were studied in a field of 7000 
gauss and at a frequency of about 30 mc. Line widths obtained for Hevea rub- 
ber and GR-S were very narrow, indicating a large degree of ‘‘quasi-free rota- 
tion” in these materials. Vulcanization, carbon loading, copolymerization, 
and crystallization produced a broadening of the lines, as expected from the 
hindrance to internal motion introduced by these factors. Line width transi- 
tions as a function of temperature were observed for several polymers. Linear 
thermal expansion coefficients and specific heat vs. temperature curves have 
breaks in the region of line transitions for the polymers studied. Swelling of 
polymers with benzene produced a narrowing of the absorption line throughout 
the line transition and lowered the transition temperature. Vulcanization 
broadened the transition range and shifted it to higher temperatures. Of two 
closely cut fractions of polystyrene, the larger molecular-weight sample exhibited 
a line transition range at a higher temperature. The styrene monomer as well 
as the two fractions exhibited the same low-temperature line width of about 8 
gauss. The line-width transitions were also studied for three butadiene-styrene 
copolymers at temperatures where anomalous behavior was found in dynamic 
measurements. The theoretical implications of these experimental results, 
together with a survey of other pertinent work, indicate the possibilities of the 
nuclear resonance method as applied to the study of high polymers in conjunc- 
tion with other methods. 
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STATISTICAL KINETICS OF HEVEA 
RUBBER CYCLIZATION * 


M. GorpDon 


Researcu Centre, Erpineton, BirmMincHaM, ENGLAND 


INTRODUCTION 


Standard chemical reactions can often be carried out, not only on the 
customary small organic molecules, but equally on regular, high-molecular- 
weight polymers. In such cases statistical effects may sometimes be observed 
to influence both the kinetics and the final composition of the products, whereby 
light may be shed on reaction mechanism and on structure. In simple cases 
two identical adjacent repeating units of a polymeric chain cooperate in an 
individual irreversible reaction step, usually in order to achieve a ring structure. 
If the unit be denoted by J, and the polymer chain by J, or 


one may picture the following partly reacted section of a polymer chain: 


— — 


in which the ringed couples are supposed to have reacted to form rings. Since 
the isolated J unit lying between the two rings shown is actually precluded from 
later reaction for want of a partner, the reaction cannot proceed to stoichio- 
metric completion. Flory' calculated the proportion of these “widows” 
(isolated units) in the final polymer to be 1/e? (7.e., 13.53 per cent) of the 
original J units, on the assumption that at each stage every couple of adjacent 
unreacted units has an equal chance of reaction. This result is practically 
independent of the degree n of polymerization, provided n exceeds about 15 or 
20. Flory' and Wall’ extended the calculation to the more complicated reac- 
tions of copolymers, and obtained results of importance for the experimental 
investigation of the arrangement of monomer units in the chain’. Marvel and 
Levesque’ and, Gordon‘ pointed out that the cyclization of rubber is subject to 
this statistical effect and that analytical data on the unsaturation percentage 
of cyclized rubber by Fisher and McColm®, which were previously unintelligi- 
ble, actually provide the best known experimental verification of Flory’s 
theory. The kinetics of this cyclization, catalyzed by 70 to 80 per cent sulfuric 
acid, were studied* by an emulsion technique on the basis of measurements in a 
diffusion gradient tube of the density of purified samples of the flocculated 


* Reprinted from the Proceedings of the Royal Society (London), Series A, Vol. 204, pages 569-585 (1951). 
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polymer. The mechanism supported by this work was: 
CH.—CH: 


oft C—CH; fast CH, C—CH; 
R—CH,—C CH—CH:—R ————— R—-CH:—C+ CH—CH;—R 
bu, 
I II 


rubber ee | | 


CH.—CH: CH.—CH; 
Z 
CH, C—CH slow CH, +C—CH; 
CH; CH; 
IV Ill 


) in rubber 


Two of the original isoprenic units J (wie | 

—CH,—C=CH—CH,— 
here join to form a ring such as IV, and a theory was deduced for the statistical 
kinetic effect. This is due, of course, to the variations in status of an J unit as 
regards its chance of reacting, according to the number of its neighbors (0, 1, or 
2) already reacted at time ¢ during the reaction. The effect should manifest 
itself in a deviation from unity of the reaction order, initially to 1.5, and at the 
end of the reaction to about 1.16. Such deviations were not detectable by the 
gradient tube technique, and the present work was undertaken to confirm the 
rate equation by a more sensitive dilatometric method. 

The chief value of the accurate confirmation actually obtained below lies in 
the consequent proof that the polymer forms part of the activated complex 
which determines the rate of the reaction. Such complexes involving polymers 
(cf. the propagation step of polymerization) are interesting as regards the 
entropy of activation and in other ways. Many simple diisoprenic terpenes 
such as dihydromyrcene cyclize under similar conditions as rubber, and un- 
doubtedly by an analogous mechanism. Since they are not subject to the 
statistical effect under discussion, however, they do not lend themselves to this 
direct demonstration of their participation in the rate-controlling process. In 
fact, kinetic measurements on these terpene cyclizations are still not available, 
though the emulsion technique should render them quite feasible®, and the 
polymer rubber has proved to be a suitable model compound for the lower ter- 
penes, not only because of its advantageous statistical effect, but also for its 
ease of manipulation. Apart from throwing light on the role of the polymer 
in the mechanism, the measurements here reported strengthen the conclusions 
concerning the part played by the sulfuric acid. The fair correlation between 
reaction rate and Hammett’s acidity function previously noted is quantitatively 
confirmed. The conclusion that deprotonation rather than protonation is rate- 
determining still appears to hold, though one of its supports is weakened by a 
reduction in the accepted frequency factor resulting from these more precise 
measurements. 
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DERIVATION OF THE STATISTICAL KINETIC EQUATION 


It will be assumed that cyclization is initiated by suitable activation on an 
isoprene unit J in the rubber chain, followed by attack of this unit on its right- 
hand neighbor to form a ring (e.g., as in (1)), provided this neighbor has not 
already cyclized. The relative rates of these two steps, and the degree of re- 
versibility of the first step (activation), affect only the meaning of the overall 
rate constant k, of the statistical kinetic equation deduced below. Nor is the 
equation affected if activated units are allowed to cyclize with their left as well 
as their right neighbors at rates remaining proportional to each other. The 
law of mass action in terms of weight concentrations is assumed, and the deriva- 
tion may be visualized as applied to one rubber chain with N (Avogadro’s 
number) units, weighing 68 grams. 

Imagine the chain cut at time ¢ into chain segments and ring segments by 
severing all junctions between rings and uncyclized units, or between one ring 
and another. Denote the weight fraction of ring segments by r, this being a 
convenient measure of the degreee of cyclization attained. The weight fraction 
of chain segments of exactly k adjacent J units may be denoted by %. Thus: 


r+>%=1 and dr/dt =— di,/dt (2) 
1 1 
The exact rate equation for the growth of r is: 
dr/dt = ke — 1)/k = —r — = —r — (N-/N)) (8) 
1 1 


This is deduced by noting that rings are formed from the various chain segments 
comprising k adjacent J’s at rates proportional to 7; (law of mass action), but 
also proportional to (k — 1)/k, because each segment contains one out of its k 
units which is ineffective. The ineffective unit is the one at the right end, 
whose activation cannot lead to cyclization for want of a right-hand partner. 
In the second equality of (3), the term >> i,/k represents the deviation from 
1 

first-order kinetics, and in the third equality this is equated to N./N, where NV, 
is the total number of chain segments irrespective of length. 

The weight fraction 7, has a rate of change which is the balance of its rate of 
formation and rate of decay: 


di,/dt = kk (2 dX in/n — x(k — (4) 
k+2 
formation decay 


Thus its rate of chance is proportional to the number k of J units involved. 
The term k + 2 under the summation sign indicates that the chain segment 
with k units can be created only from segments having at least two extra units. 
The multiplier 2/n affecting i, applies, because activation of two only out of 
the n units in an n-chain is favorable to such a creation. For instance, a seg- 
ment of five can be created out of one of nine units in the following two 
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First way: 


or 


Second way: R—I—J—I—I—I—R—I—I—R 


5 


The term in (4) for the rate of decay is explained as the similar terms in (3). 
One can simplify the system of Equations (3) and (4) by eliminating all fractions 
except r, and 


dr/dt = —r — — t2/2 — di,/dt) (5) 


Further simplification, leading to the exact functional dependence of r alone on 
t, though theoretically possible, seems difficult. A very satisfactory approxi- 
mate solution will now be derived by estimating the term N,./N in (3). This 
solution will be integrable, will agree with the exact solution asymptotically at 
the beginning (r = 0) and end (ry = 0.8647 = 1 — 1/e? = 1 — iy), and will 
rest intermediately on a plausible physical picture of the approximate distribu- 
tion of the segments. 
If N, is the total number of rings at any time ¢, we have: 


N,/N (6) 


Let X be the fraction of the rings which are neighbored on the right by another 
ring, t.e., a parameter measuring the degree of clustering together of the rings in 
the distribution of rings and chains during cyclization, so that 


N-/N = (1 — X)N+/N = 3(1 — X)r (7) 


since the number N, of chains is equal to the numoer of those rings which are 
not neighbored by a ring on the right. The rate Equation (3) becomes 


dr/dt = k,(1 — r — — X)r) (8) 


At the beginning of cyclization, when r is very small, XY must approach zero, 
while later as r grows, X will grow. Putting X equal to zero, the initial rate 
equation becomes asymptotically : 


dr/dt = k,(1 — 1.5r), . initial reaction (1.5 order) (9) 


This law does not represent the further course of the reaction, e.g., it brings 
cyclization to an end (dr/dt — 0) when r = 0.6667 instead of 0.8647. To find 
X approximately as an increasing function of r, one notes that the isoprenic 
unit lying just to the right of a ring may either be found cyclized with its right 
neighbor or not, and that X is the ratio of the probabilities of these two events. 
If we choose an isoprene unit entirely at random (without requiring it to lie to 
the right of a ring), the probability of its being found cyclized with its right-hand 
neighbor—the same as that of being found cyclized with its left neighbor—is 
3r. The probability of its not having cyclized with its right neighbor is 1 — 
(4r), and the ratio of the two events of interest is accordingly r/(2 — r) for an 
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entirely arbitrarily chosen unit. Assuming that this represents also the re- 
quired ratio for a unit lying just to the right of a ring, an assumption probably 
near to the truth, there results: 


X =1r/(2 (10) 


One can test this assumption at the end of the reaction by substituting (10) in 
(8) and putting dr/dt equal to zero. Solving for r, one obtains r = 1 instead of 
0.8647 as the final degree of cyclization. It is clear that the clustering tendency 
X of the rings at the end of the reaction has been somewhat overestimated by 
(10), but a mere 10 per cent adjustment in X is required, as shown by the term 
0.902 in (11), to obtain the correct asymptotic behavior (rz; = 0.8647) in (12): 


X = (r/(2 — r)) X (2 — + 1)/e — 1) = 0.902r/(2 — r) (11) 
and by substitution in (8): 
dr/dt = k,(1 — r — (4r)(1 — 0.902r/(2 — r)) (12) 


On the basis of the underlying physical meaning, there is little reason to suppose 
that X will deviate at all seriously from (11) in the earlier parts of the reaction, 
where in any case the Equation (12) becomes progressively less sensitive to such 
deviations. Further adjustments are accordingly not warranted, and the de- 
sired approximate rate equation (12) is integrated to: 


t = F(r) — F(r,;) = k,{ — 0.3569 log (0.8674 — r)/(1.187 — r) 
— 0.5909 log ((1.0257 — r)* — 0.259) — 0.4846} — F(r,) (13) 
where r; in the integration constant F(r,;) denotes the initial degree r of cycliza- 


tion. It is shown in (5) that experimental data confirm this equation in prefer- 
ence to a first-order law. 


THE EQUILIBRIUM POLYMER AND ITS STRUCTURE 


The statistical kinetic theory of Equations (3) and (4) and the statistical 
thermodynamic theory of Flory! can be unified and checked against each other. 
The following infinite series is postulated : 


di,/dt = — (S,/n)(din/dt) (14) 
3 


and permissible values of the coefficients S, found by comparing coefficients of 
?, in Equation (4), using successively the values k = 1, 2, 3, ete. The result is: 


Sy = 2(1 + Ss + Sg + 1) (15) 


which is precisely Flory’s Equation (3) for the number S, of units J out of an 
n-chain which will by average be “widowed” in the whole course of the reaction. 
Integration of (13) yields: 


which correctly asserts that the current fraction 7; of widows at time t is equal 
to the final value minus the fraction yet to be widowed from among all the chain 
segments remaining at that time. The distribution function of rings and chain 
segments during, or of R and J units at the end of the reaction, though implicit 
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in Equations (3) and (4), has not been solved. A reasonable model with a 
calculable distribution function for the statistically cyclized rubber can be 
derived. It correctly contains 13.53 per cent J units and 86.47 per cent R’s by 
weight, i.e., about three rings to an isoprene unit, in a random co-polymer 
structure schematized thus 


(17) 


As cyclization is irreversible, two J’s must not come together. The model is 
constructed by imagining 3 X 13.53 = 40.59 per cent of a monomer JR, con- 
sisting of an isoprenic unit flanked on its right by a ring, to copolymerize ran- 
domly with 59.41 per cent of a monomer R. The distribution function of this 
model is readily calculated, and from it the interesting conclusion can be drawn 
that 51.54 per cent by weight of the unit RJR can be cut from the cyclized rub- 
ber by judicious splitting of links in the polymer chain (17). This shows the 
usual representation of cyclized rubber as (R), to be quite inadequate. 


EXPERIMENTAL 


About 1300 grams of acid latex was compounded, essentially as described in 
previous reports’, by mixing Dunlop 60 per cent Hevea rubber latex with a 
stabilizer and sulfuric acid. Four kinetic runs were undertaken over a period 
of 4 months by following the volume change of the latex during cyclization in 
the thermostatically controlled Pyrex dilatometer shown schematically in Figure 
1. At elevated temperature, the stem of the dilatometer passed through a lid 
covering the thermostat (not shown), and the control was to one-thirtieth degree 
or better. The fifth run, recorded in Table 1, was intended as a check, being 
based on a latex compounded from a different shipment, and by its excellent 
concordance proves that the rates are reproducible. The run numbered 4 was 
on a latex obtained from the acid latex of runs 1 to 3 by dilution with a known 
amount of water, to check the influence of acidity on rate’. The full details of 
measurement and checks quoted hereafter refer to the model run 3, comprising 


travelling 
microscope 


dilatometer stem | 


Fig. 1.—-Sketch of dilatometer. 
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66 measured points taken consecutively during one day. Detailed calculations 
were also performed on runs 2 and 5, and gave on all accounts substantially 
equally good agreement. In particular, the results fitted the statistical law 
better than a first-order equation. 

The acid latex was stored in a dropping funnel at —20° C in a frozen condi- 
tion. When required for filling the dilatometer, it was allowed to attain about 
+10° C, stirred and evacuated to 1 inch of mercury for about 10 minutes. 
The evacuation was found essential to avoid the evolution of a small amount of 
gas during the dilatometric run. The dilatometer was filled and weighed, thus 
giving the initial density D”; of the latex. Simultaneously, a sample was drawn 
for titration of the acid content by alkali, and one flocculated for the determina- 
tion in a diffusion gradient tube of the density Do? of the pure polymer phase at 
that instant. The weight percentage of rubber in the latex was slightly vari- 
able from run to run, owing to creaming effects of the heavy sulfuric acid phase 
on the light rubber phase. The effect of this on the overall composition of the 
large remaining latex bulk was negligible. The correct rubber content of the 
latex in the dilatometer was calculated in two different ways, on the assumption 
‘ that creaming did not disturb the kinetically significant concentration c(H2S0O,4/ 
(H.SO, + H.O)) of the acid. The first calculation was based on Do” and Do” 


the second on the acid titration. Close agreement between the two values ob- 


TABLE | 


Percentage 
Temperature concentration Rate constant 
Run no. (° K) of (min.~') 
Fs 1 298.5 78.1 0.00021 
a 2 332.77 78.1 0.01732 
: 3 338.5 78.1 0.02652 
i 4 357.26 70.9 0.013 
5 298.5 79.2; 0.0002985 
4 5 298.5 corrected to 78.1 0.000192 


tained justified the assumption just mentioned, and the value based on the 
titration was accepted. The dilatometer was immersed in the thermostat and 
. : 6 minutes allowed for thermal equilibration. The initial zero reading of the 
. latex meniscus in the stem was then taken. The density D,? of the polymer at 
| ; this instant was still close to Do”, the small change during equilibration being 
li readily estimated from the subsequent rate. The isothermal contraction during 
the run was followed by noting the meniscus displacement M (cm.) from its 
original zero position to its final My. The total volume contraction during 
cyclization being less than 2 per cent, no stem correction was necessary for the 
cold latex drawn from the dilatometer stem into the dilatometer during the run. 
The omission of this very small and uncertain correction favors a first-order law 
over the statistical one, since it must cause a drop in the apparent reaction 
order. Curves showing the reaction progress r against time ¢t are plotted in 
Figure 2. For this purpose r was calculated from the linear relation (21) 
linking it with M. Table 3 gives all the observed values of M and ¢ for run 3. 


CHECK ON THE VALIDITY OF THE TECHNIQUE 


The rate constants of the dilatometric runs 2, 3 and 4 agree within a factor 
of two to three with the previous work based on measurement of D? in a 
gradient tube. This would be accounted for by an error of about 2 per cent in 
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Fig. 2.—Plot of degree of cyclization r against ¢ minutes. ©, run 3: X, run 4._ 


the sulfuric acid concentration c, but agreement is actually somewhat better, 
because the present rate constants k, refer to the statistical law and take 
cognizance of the induction period’, while the previous work employed first- 
order constants k;. The much less satisfactory agreement of the k, values for 
the runs at 25.3° C with the previous rate constants reflects a lower activation 
energy than previously found, a discrepancy discussed later’. 

As an independent check on the validity of the present method the total 
measured volume contraction was calculated from My and compared with the 
separately measured density change of the polymer phase proper. To this 
end the practically stationary final density D;’” of the polymer was measured in 
a gradient tube at the end of the run, and D,? calculated from My, for compari- 


TABLE 2 
DeTAILS OF MEASUREMENTS FOR RUN 3 


Immersed volume of dilatometer V =3.7542 

Rate of meniscus movement with latex volume dM /dV¥ =128.7 cm.~? 
Initial density of latex at 25° C D,= = 1.4985 g./cc. 
Rubber content calculated from compounding, by weight 19.1% 
Actual accepted rubber content (see text) 16.3% 

Mean mass of rubber in V during run (calc. at 25° C) =0.926 g. 
Observed final meniscus displacement =9.45 cm. 
Density of (slightly cyclized) starting polymer (25° C) =0.920+0.001 
Estimated polymer density at first meniscus reading (25° C) = 0.922 +0.002 
D,? calculated from Formula (18) as a check =0.920, 

Final density of cyclized polymer (25° C) =0.981; 

Mean a 5 G0) coefficients of cubical expansion measured: 

Hx =0.00055, ° C™! 


Initial ‘lightly cyclized) 
Final latex (fully cyclized) 
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son with the measured value (i.e., the corrected value based on Do”). As 
shown in Table 2, D,;” calculated from My according to Formula (18) was 
0.9204, while Do? was found 0.920 + 0.001 and D,” estimated therefrom 0.922 
+ 0.002. This agreement shows satisfactorily that the dilatometric volume 
change of the latex reflects the volume change of the rubber particles in it dur- 
ing cyclization, especially if it is borne in mind that small effects due to non- 
rubber components in the latex have been neglected and that a large number of 
measurements enter into the calculation. In particular, the dilatometric 
volume change being measured at 65.3° C, but the polymer densities at 25.3° C 
(AT = 40° C), a correction was required for the difference of the apparent co- 
efficients of expansion of the initial latex C;” and the final latex Cy”. Thus 
since the coefficient of expansion of the starting polymer (slightly cyclized 
rubber) was about 0.0005, but that of the fully cyclized rubber about 0.0002 
only, the volume contraction of the latex at 65° C was about 16 per cent larger 
than at 25° C. The C¥” values were measured in the same dilatometer over 
the same range 7’, so that disturbing effects such as the small expansion of the 
Pyrex dilatometer itself could be neglected. All the measurements are re- 


TABLE 3 


DISCRIMINATION BETWEEN First—-ORDER AND STATISTICAL 
CyYcLizATION KINETICS 


Meniscus Time (min.) 

displacement M r ait 

Point no. (cm.) ts cale. 
11.51 
12.12 
12.39 
12.78 
13.81 
14.19 
14.68 
15.74 
16.33 
16.97 
17.62 
19.16 
19.95 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


2 
— 
| 
9.81 
10.51 
10.85 
11.31 
12.51 
12.97 
13.51 
— 14.75 
16.17 
16.92 
— 
— 13 2.020 20 20.76 20.44 
a. 14 2.324 22 22.45 22.31 
15 2.588 24 23.98 24.00 
. 16 2.777 25 25.14 25.25 
17 3.064 27 26.97 27.22 
a 18 3.195 28 27.84 28.15 
a 19 3.338 29 28.84 29.38 
20 3.871 33 32.80 33.31 
21 4.126 35 34.87 35.44 
: 22 4.344 37 36.77 37.36 
£ 23 4.571 39 38.84 39.43 
M4 24 4.765 41 40.75 41.29 
25 4.949 43 42.63 43.14 
26 5.226 46 45.65 46.09 
27 5.407 48 47.79 48.13 
28 5.649 51 50.87 51.02 
29 5.806 53 53.00 53.02 
30 5.968 55 55.33 55.16 
31 6.166 58 58.39 57.96 
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corded in Table 2 and the formula employed was 


ATVdM /dV 
m(dM/dV) 


On the assumption that the deprotonation step in (1) is rate determining, an 
upper limit previously estimated for the basic strength of rubber (pKq of the 
carbonium ion III < about — 8) is here experimentally confirmed. Thus 
since the volume change during cyclization must be associated very largely 
with the proton transfer step which precedes the slow deprotonation, the pro- 
tonation and transfer equilibria in (1) cannot lie more than a few per cent over 
the products, otherwise the slow contraction observed on the latex would cor- 
respondingly fall short of the contraction of the rubber phase during cyclization. 


1/D,? = 1/D,? — M; 


— C;*) (18) 


BETWEEN STATISTICAL KINETIC 
AND FIRST-ORDER LAW 


It will now be shown that the main central portion ae run 3, covering about 
78 per cent of the measured volume change and 50 per cent of the total cycliza- 
tion reaction, conforms definitely to the statistical Equation (19), with F(r) 
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Meniscus 

displacement M 

Point no. (cm.) tobs. te cale. leale. 

32 351 61 61.46 60.76 ae 

33 541, 64 64.87 63.81 Pe 

34 706 67 68.06 66.68 ae 

35 841 70 70.94 69.17 | gee 

36 18 74 74.93 72.68 - 

37 177 78 78.87 76.12 Ee 

38 84 84.80 81.20 i 

39 93 94.11 89.10 pie 

40 97 97.91 92.36 et 
41 102 102.93 96.62 a 

42 107 108.29 101.17 Be 

43 112 112.15 104.47 

44 117 117.32 108.91 

45 120 119.47 110.75 i. 

46 124 124.02 114.68 

47 127 127.00 117.25 ae 

48 131 130.91 120.73 . 

49 136 135.54 124.89 a 

50 141 142.24 130.96 6 

51 145 143.54 132.27 Be 

52 149 148.89 137.20 a 

53 8 155 156.21 144.27 
54 8.721 159 160.84 149.08 aS 

55 8.723 162 161.22 149.35 = 

56 8.761 165 165.98 154.50 = 

57 8.772 168 167.39 155.98 a 

58 8.804 172 173.44 161.10 

59 8.838 177 177.43 167.38 A 

60 8.879 187 184.36 176.08 4 

61 8.916 192 191.45 186.36 ae 

62 8.954 200 199.58 200.00 aS 

. 63 8.962 205 201.73 203.45 = 
64 9.007 220 213.49 231.63 as 

65 9.349 316 

- 
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as defined in (13), rather than to the first-order law (20). The comparison is 
exhibited in Table 5 by confronting the observed times t.p,. with times t, cal- 
culated from (19) and ¢, calculated from (20): 


= F(r) F(r;) +2 (19) 
where 


= 0.2468 = 0.3052) = 0.3052 ky = 0.02652 min.“ 


kyty = — log(] — r) + log(1 — + 2’ (20) 
where 


r, = 0.1879 log(1 —r,) = 0.7261, 2x’ = 0.7368, = 0.010307 min.— 


The calculation of the times and of the r’s are respectively slightly compli- 
cated because a small initial portion of all the runs and a very small final portion 
of the runs at elevated temperature conformed with neither law Thus in 
fitting the experimental ¢,»,. and the r values calculated from the measured 
meniscus displacements M to Equations (19) and (20), ideally only the rate 
constants k, and k; require adjustment. In practice, however, two small addi- 
tional adjustments have to be made in both cases to allow for the initial and 
final deviations. These adjustments do not conceal any favored treatment of 
either law. Thus the first adjustment concerns a displacement of the time 
origin by an amount z or 2’, respectively, as shown in the last two equations, 
to allow for an induction period, which is visible in Figure 2 and whose sig- 
nificance is discussed®. Probably fortuitously, these adjustments cancelled 
the integration constants F(r;) and log(1 — r,) in runs two and three within 
experimental error, so that the main part of the reaction proceeded along the 


theoretical curve for r; = 0 and absence of an induction period. 
The meniscus movement reflecting accurately'® the volume change in the 
rubber phase is, therefore linearly related to the reaction progress : 


aM (21) 


where for Equation (19), a = 0.0669, r; = 0.2468; and for Equation (20), 
a = 0.0897, r; = 0.1879. Ideally, the constant a should be fixed as (r; — r,)/ 
M,. However, the abnormality at the end of the reaction? causes a slow 
volume change after (on the kinetic evidence) cyclization is complete, and 
thereby affects My and a. For Equation (19), ry = 0.8647 and (ry — r;)/My 
= 0.0654, while 0.0669 gives the best fit. Again, for Equation (20) ry; = 1, the 
theoretical a = 0.08593, while a = 0.0897 gives the best agreement. The r; 
values chosen correspond closely to those calculated from D;? and the density 
(0.900) of uncyclized rubber. It is emphasized that after suitable adjustments 
in a and k, (but not k;), variations in the assumed r; of +0.1 leave the fit of 
equation (19) practically, and that of Equation (20) exactly, unaltered, because 
of an invariantive property of the first order law. Table 3 lists the times tobs., 
and the times t, and t;, respectively calculated from Equations (19) and (20), 
with the aid of (21). 

After an induction period of about 20 minutes, 28 out of 49 consecutive 
values of t,, covering an interval of 180 minutes, lie within 30 seconds of the 
experimental fops., 12 points lie between } and 1 minute, 8 points between 1 and 
2 minutes, and only one point between 2 and 3 minutes off. On the other hand, 
the ¢; values, while agreeing about equally well over the range from 20 to 70 
minutes, and again at 200 minutes, deviate between 70 and 200 minutes 
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smoothly up to a maximum of over 12 minutes from the tops... These facts show 
not only that a conclusive experimental decision in favor of the statistical law 
(19) has been obtained, but also the high accuracy actually required for such a 
decision. 


DEPENDENCE OF RATE ON ACIDITY AND TEMPERATURE 


The usual Arrhenius plot of the runs listed in Table 1 is shown in Figure 3. 
The best straight line through runs 1, 2, 3 and 5 has been drawn, and from this 
the rate at 357.26° K and sulfuric acid concentration ¢ = 78.1 per cent can be 
computed. When this is compared with run 4, at the same temperature but 


30 3:2 


103/T °K 


Fig. 3.—Arrhenius plot for runs 1 to 5. (For numbering cf. Table 1.) 


at c = 70.9 per cent the relation: 


d log ky 
de 


= 0.165 (22) 


is found between these two concentrations, in very good agreement with the 
value (0.17) obtained in the previous work, so that the correlation between re- 
action rate and Hammett’s acidity function® Ho» is confirmed. The small cor- 
rection of the rate of run 5, from the measured value at c = 79.23 to the de- 
sired value at c = 78.1, as shown in Table 1, is based on Equation (22). 

The temperature dependence of the rate of cyclization agrees much less well 
with that previously reported, the activation energy calculated from runs 1, 2, 
3 and 5 being 25.3 kealories instead of 32.7, and the frequency factor 4 x 10“ 
min.~! instead of 3 * 10'%. The main reason for these deviations must be 
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sought in the runs at 25.3° C, which showed much higher rates than predicted 
from the previous work. Two explanations may be advanced for these devi- 
ations. First, while the overall activation energy of 32.7 kcalories previously 
found referred to a temperature range between 25 and 100° C, the Arrhenius 
plots showed some definite curvature, and lower values can be calculated from 
the data falling within the range 25 to 65° C here studied. Thus the three 
points in the earlier work at 78.5 per cent acid in this temperature range cor- 
respond to 29.8 kcalories the two points at 72.6 per cent acid to 24.8 kcalories 
of activation energy. Secondly, the previous density technique was based on 
the assumption of a unimolecular law and was insufficiently sensitive to show 
the initial and final rate abnormalities observed in this work®, and is accordingly 
regarded as less reliable in the calculations of the Arrhenius parameters of the 
cyclization step. 

The only serious implication of the lowering of the Arrhenius parameters at 
78.1 per cent acid and between 25 and 65° C which has thus been accepted is a 
weakening of the support previously derived from the exalted frequency factor 
for the rate control by the deprotonation step (as in scheme (1)) rather than by 
the first (protonation) step. It has been shown‘ that a very high-frequency 
factor such as 10'* min. could correlate only with a reaction step in which ionic 
charges were neutralized in the transition state, e.g., a collision between the 
eyclocarbonium ion III and an HSQ,-ion to produce IV and H2SO,4. The new 
value of 4 X 10" is now normal for a unimolecular reaction, though still very 
high for a collision between an ion and a large uncharged molecule, such as 
occurs in the protonation step. Moreover, from the previous experience cited, 
the frequency factor may be expected to rise with temperature, and certainly 
with acid concentration c, so that considerably higher values could actually be 
experimentally realized. Since the deprotonation rate control is by no means 
an unusual mechanistic feature, and has been supported also by the influence 
of the structure of various terpene substrates on their approximately known 
cyclization rates, it is still the preferred mechanism though on weaker grounds 
in view of the reduced activation entropy. 


SMALL INITIAL AND FINAL RATE ABNORMALITIES 


An induction period of reduced rate was observed in the runs at elevated 
temperature. While, as Figure 1 shows, this was particularly marked at the 
reduced acidity of run 4, it did not interfere even there with the determination 
of the rate constant of the later regular part of the reaction. Trials showed that 
the detailed course of this induction period was accurately reproducible for a 
given latex. As at 25° C the initial rate abnormality was much reduced in im- 
portance relative to the main change, it follows that whatever the mechanism 
responsible for it, it must be subject to a much smaller activation energy. The 
abnormal rate period split into two phases at 25° C. The first phase on bring- 
ing the latex from a low temperature to 25° C and equilibrating, was a burst of 
volume contraction, lasting for about 100 minutes at first several times too fast 
compared with the later regular reaction. This slowly died down to a rate 
below the normal value and then rose back to the normal in a few hours. These 
effects were likewise reproducible and confined to the first 10 to 20 per cent of 
the total measured contraction. Whether the burst occurred also at elevated 
temperature is uncertain, as it would there be obscured by the time of equilibra- 
tion of temperature, though it is visible in the slow run (Figure 1). Its sig- 
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nificance is not understood, and it may indeed be connected with some side 
reaction in the complex colloidal latex system, rather than with cyclization. 
The induction period of reduced rate may be connected with the rate of diffusion 
of the acid catalyst into the rubber particles", a conclusion supported by its 
low activation energy. 

Detailed consideration shows that the small induction period cannot reason- 
ably be accounted for by any chain-reaction mechanism for cyclization. The 
most plausible chain mechanism would have the effect of cyclization of a couple 

‘of isoprene units spread to an adjacent couple, and so on all along the segment 
of chain remaining uncyclized. This mechanism would arise, for instance, if 
the deprotonation step of one ring became the protonation step of the adjacent 
unit. Such a scheme would bear only superficial resemblance to the acid- 
catalyzed chain polymerization of olefins, though a number of radical reactions 
of rubber have been formulated as similar chain sequences of cyclizations in- 
volving two units at a time”. The correlation of cyclization rate with Ham- 
mett’s acidity function Ho indicates a proton transfer from the acid to the 
rubber; this step would actually have to be rate controlling in any chain mech- 
anism, as the alternative of deprotonation control (as in (1)) would not be 
available. A chain mechanism controlled by the activating protonation would, 
however, have a higher reaction order than here observed, indeed as high as two 
under the simplest assumptions. This will be appreciated from the simple argu- 
ment that at half-cyclization (r = 0.5), the rate of cyclization would, compared 
with the starting rate, be halved because the number of units available for activa- 
tion would be halved, and then again be halved because each activation would, on 
average, lead to the rapid cyclization of chains of only half the original length. 
Thus it does not appear possible that any chain mechanism would produce rate 
equations that could approach the excellent agreement with experiment achieved 
by the nonchain mechanism (1) and Equation (19). Moreover, the number of 
widowed units in a chain mechanism would fall to a much smaller proportion 
than the 13.5 per cent of Flory’s theory for a nonchain mechanism, which is in 
close agreement with Fisher and McColm’s analytical results on cyclized 
rubber®. 

Turning now to the rate abnormalities at the end of the reaction, these re- 
flect a step subsequent to cyclization proper, since the density of the rubber 
increases gradually well above the end point approached kinetically during the 
main part of the reaction. At the highest temperatures previously employed 
(90 to 100° C), at which there is some danger of oxidative side reactions, densi- 
ties up to 0.990 had been recorded. It has since been found that at ¢ = 78 
per cent and 60° C ten different latexes gave definite end products, whose 
densities lay between 0.984 and 0.985, even after several hours’ continued 
maintenance under these reaction conditions. The reproducibility of this 
cyclized rubber must be regarded as high, since most synthetic polymers are 
sold commercially on density specifications to the second decimal place only. 
The polymer density approached by the main part of the reaction in the high- 
temperature dilatometer runs was near to 0.980. The nature of the subse- 
quent shift to 0.984-5, which took several hours to complete, might be sought 
in a cross linking or in a prototropic displacement of the remaining double 
bonds. The latter alternative seems more likely, since there appears to be no 
marked decrease in solubility or swellability. There is some intrinsic prob- 
ability that the thermodynamically less stable y-terpene from IV’ is formed 
first, and the subsequent reaction might thus be its transformation to the 
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B-form IV: 
C—C C—C 
y, 
c—C—C—C C—C—C—C 
IV’ IV 


Some spectroscopic evidence has been quoted earlier" for the presence of rings 
IV’ in cyclized rubber, though a detailed confirmation of the reaction (23) will 
require further spectroscopic examinations to be made. (23) would account, 
not only for the small volume decrease found, but also for the marked rise in 
softening point, because the semicyclic double bond would confer mobility on 
the ring IV’, while the endocyclic bond in IV would cause considerable stiffen- 
ing. 

In the runs at 25° C the reaction was too slow to carry the polymer in 
practice beyond a density of 0.974. 


CONCLUSIONS 


The emulsion technique of making kinetic measurements on latex rubber, 
presents, among other advantages, much higher precision than earlier methods. 
The average reaction order of the present measurements being approximately 
1.25, the convulsive discrimination from a 1.0 order law necessitated not only 
the highest attainable precision, but also a careful investigation'® of the mathe- 
matical effects of possible errors in all the parameters involved. As an illustra- 
tion of the difficulties of the earlier methods, the simple unaccelerated vulcan- 
ization of rubber with sulfur may be cited. Several investigators, working 
with bulk (as distinct from latex) rubber, assessed the order of this reaction at 
values ranging from zero to over 1. The correct value is undoubtedly unity, as 
shown by the analysis of adiabatic rate measurements", in agreement with the 
most likely mechanism. The rate-determining step being the splitting of a 
sulfur ring without aid from the polymer, statistical kinetic effects are not en- 
countered in vulcanization. Numerous examples of statistical kinetic and 
equilibrium effects probably do exist in rubber chemistry. Farmer’® described 
several reactions of other substances (SOQ2, Cle, maleic anhydride) with two 
neighboring units of rubber at a time. Statistical effects should apply to all 
these at equilibrium through the survival of uncyclized units, and wherever, 
in the absence of chain mechanisms, rubber enters the rate-controlling step, 
Equation (13) may be expected to apply. As an example, the empirical 
formula (CjoH,,Cl7), has been accepted by Le Bras and Delalande™ in support 
of the structure 


( Cl Cl ) 
CH—CH 
CICH HCCl 
CH, Cl hi 


(23) 
if 
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which is closely analogous to IV. Uneyclized units, probably 
HCCI—CCl—CHCI—CHCI, 
| should accompany these rings, in amounts vary- 
CHo 
ing from 13.5 per cent down to negligible proportions, since the kinetic chain 
varies in length from units (single cyclization act without lateral propagation) 
to large numbers. The diagnostic value in studies of reaction mechanism of 
the appropriate statistical analysis is thus evident, though the experimentally 
attainable precision is here still the limiting factor. 

The present work has confirmed the postulated mechanism by its demon- 
stration that the rubber polymer enters the rate-determining step in cyclization. 
It has established that this reaction is essentially not an intermolecular cross- 
linking, but a reaction between couples of neighboring units in a long chain, 
13.5 per cent of which escape from cyclization. Indeed, a purely kinetic proof 
has now been furnished of the basic fact that rubber is a polymer, containing 
long chains of identical units. 


SUMMARY 


Rubber cyclization provides a useful illustration of statistical effects inter- 
vening in the reactions of long-chain polymers. Analogously to the known 
cyclizations of simple diisoprenic terpenes, each individual cyclization act links 
two adjacent isoprene units in the rubber chain into a six-membered ring. 
However, some of the units remain stranded between neighboring rings and 
escape cyclization for want of a partner. Thus the final polymer has a co- 
polymer structure of 86.5 per cent of diisoprenic rings and 13.5 per cent of un- 
cyclized monisoprenic units. This result is derived from a statistical theory 
of Flory, and has previously found accurate experimental verification. The 
bearing of this statistical effect on the reaction kinetics has now been studied 
for the first time. Dilatometric experiments on rubber emulsions in sulfuric acid 
have shown that the cyclization reaction conforms in the main with a statistical 
cyclization law much better than with a first-order equation uncorrected for the 
survival of stranded units. High accuracy was required for this experimental 
distinction, whose importance lies in the implicit proof that the polymer units 
participate in the rate-determining transition complex, in accordance with the 
accepted proton transfer mechanism. A kinetic proof has incidentally been 
furnished for the fact that the rubber polymer contains long chains of identical 
units. When handled by an emulsion technique, this polymer can provide a 
useful ‘‘model compound”’ for its simpler terpene analogs. 

Certain rate abnormalities have been observed, including an induction 
period of reduced rate, probably connected with diffusion effects A small 
volume change subsequent to the cyclization reaction may reflect a prototropic 
double-bond shift. The activation energy and entropy are found to be lower 
than in previous work, an effect traced in part to a curvature of the Arrhenius 
plot. The known dependence of cyclization rate on Hammett’s acidity func- 
tion Ho is quantitatively confirmed. 
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CHANGES OF THE MECHANICAL PROPERTIES OF 
VULCANIZATES DURING THE EARLY STAGES 
OF THERMAL OXIDATION * 


A. $8. Kuzminskif anp L. I. LyuBcHANSKAYA 


Screntiric Researcn Institute oF THE INpustrRY, Moscow, USSR 


We have already devoted a number of works! to the study of the mechanism 
of oxidation of various types of polymers, and have shown in these investiga- 
tions that the processes of inhibited and autocatalytic oxidation proceed at 
different rates, possess different temperature coefficients of rate, and can in no 
way be identified. The oxidation process is accompanied at all stages by pro- 
found structural changes of permanent character, leading ultimately during 
autocatalysis to complete loss of the valuable technical properties of rubbers. 
One study was dedicated to the changes of mechanical properties of vuleanizates 
of various rubbers during inhibited and autocatalytic oxidation. This study 
was particularly useful because many authors’, disregarding the difference be- 
tween the inhibited process and freely developing autocatalytic oxidation, in- 
troduced much misunderstanding into the general problem of the oxidation of 
rubbers. 


EXPERIMENTAL PART 


In order to reduce to a minimum the influence of the different ingredients 
in a rubber mixture on the progress of the oxidation process, we used unloaded 
vuleanizates, with tetramethylthiuram disulfide as the vulcanizing agent. The 
recipe had the following composition (in parts by weight per 100 parts by weight 
of rubber): 


Rubber 

Tetramethylthiuram disulfide 
Stearic acid 

Zine oxide 
Phenyl-8-naphthylamine 


All the rubbers studied were highly purified before the mixtures were pre- 
pared. They were purified twice: first, by extraction by an azeotropic mixture 
(80 per cent acetone and 20 per cent methanol) in a cold atmosphere of pure 
nitrogen, and then precipitation with chemically pure methanol from 3 per cent 
benzene solution. The precipitated rubbers were dried in vacuo (10-* mm. 
mercury) at room temperature to constant weight. 

The rubbers thus dried were mixed with the compounding ingredients on a 
laboratory micromill (1:1.15). From the mixtures obtained, 2 per cent ben- 
zene solutions were prepared. Sheets were made from the benzene solutions 
on cellophane, and spread on special molds. The molds were filled with the 
solution so as to obtain sheets of 100-120 yu thickness. 

The sheets were vulcanized at 143° C according to the method described by 


* Translated for RusBeER CHEMISTRY AND TECHNOLOGY by Alan Davis from the Kolloidnyt Zhurnal, 


Vol. 14, No. 1, pages 40-45 (1952). 
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one of the authors®. The optimum vulcanization for sodium-butadiene rubber 
was 90 minutes, for polybutadiene and natural rubbers, 60 minutes. 


STRUCTURAL MECHANICAL CHANGES OF VULCANIZED NATURAL RUBBERS 


Figure 1 gives data for the structural-mechanical changes of vulcanizates 
during the induction period of oxidation and at the beginning of autocatalysis. 
The initial concentration of inhibitor was 0.5 per cent; the temperature of oxida- 
tion, 90°; and the duration of the induction period, 70 hours. 

As is seen from Figure 1, decreases of tensile strength, modulus, and relative 
elongation are observed at the beginning of the induction period; these factors 
then remain constant till near the end of the induction period. The transition 
from induction to autocatalysis is characterized by a sharp increase of the rate 
of oxidation, immediately affecting the physical-mechanical properties of the 
vuleanizates. As soon as the induction period is terminated, complete loss of 
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Fig. 1.—Relation of mechanical properties of vulcanized natural rubbers to the time of oxidation 
in the initial period. 
1. Oxidation. 
2. Tensile strength in kg. per sq. cm. 
3. Relative elongation E in percentage. 
4. Modulus Mjoo in kg. per sq. cm. 


the original properties of the rubber is observed; the vulcanized high elastic 
materials are transformed into sticky flowing masses. 


STRUCTURAL~MECHANICAL CHANGES OF VULCANIZATES OF 
POLYBUTADIENE-STYRENE RUBBER 


Figures 2 and 3 present data on the structural-mechanical changes of vul- 
canizates in the induction period of oxidation, with an initial inhibitor concen- 
tration of 0.5 per cent. 

Calculated on the butadiene component, polybutadiene-styrene rubber 
contains 35 per cent of double bonds in the main chains and 65 per cent in the 
sidechains. The data of Figures 2 and 3 indicate the presence of two processes: 
structure formation and disintegration. Whereas at an oxidation temperature 
of 90° C, the vulcanizates develop structure formation, at an increased temper- 
ature (133° C) oxidation degradation begins to prevail over structure formation, 
there is a decrease of modulus and of tensile strength at almost constant relative 
elongation. 
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Tensile strength (kg. per sq.cm) 


75 200 
Time ia hours 
Fig. 2.—Relation of mechanical properties of polybutadiene rubber to time of oxdiation in induction 
period; temperature of oxidation 90°. 


. Tensile strength in kg. per sq. cm. 
2 Relative elongation EF in percentage. 
3. Modulus M in kg. per sq. cm. 


STRUCTURAL~MECHANICAL CHANGES OF VULCANIZED SODIUM— 
BUTADIENE RUBBER 


Figures 4 and 5 present data on the structural-mechanical changes of vul- 
canizates during the induction period of oxidation. In this induction period of 
oxidation, the processes of structure formation (increase of modulus and tensile 
strength) predominate, and the intensity of these changes increases with in- 
crease of temperature. 


INFLUENCE OF INITIAL CONCENTRATION OF INHIBITOR ON STRUCTURAL 
CHANGES OF VULCANIZED SODIUM-BUTADIENE RUBBERS 


Figure 6 shows data on the influence of the initial concentration of inhibitor 
on the structural-mechanical changes of vulcanizates in the induction period of 
oxidation. The oxidation temperature was 133° C. The initial concentration 
of inhibitor and the range of 0.25-0.5 per cent concentration has practically no 
influence on the rate of structural-mechanical changes. 
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Fia. 3.—Relation. of mechanical properties of vulcanizates of butadiene-styrene rubber to time of 
oxidation in its ind period; cial of oxidation 133°C. 


1. Oxidation (Oz) in ce. per g. 
> Tensile strength in kg. _per sq. cm. 
Relative in percentage. 
z Modulus M in kg. per sq. cm. 
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EFFECT OF INITIAL CONCENTRATION OF INHIBITOR ON THE “WORK 
CAPACITY’ OF VULCANIZED BUTADIENE-STYRENE RUBBER 


The experimental data are given in the table. The temperature was 22°; 
deformation rate 250 cycles per minute; amplitude of deformation 50 per cent. 
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Fie. 4.—Relation of mechanical properties of vulcanized sodium-butadiene rubber to time of oxida- 
tion in the induction period; oxidation temperature 90°C. 


1. Tensile strength in kg. per sq. cm. 


2. Relative elongation E in percentage. 
3. Modulus M in kg. per sq. cm. 


As is seen from Table 1, the “work capacity” of vulecanizates largely de- 
pends on the concentration of inhibitor. 


INTERPRETATION OF RESULTS 


The results given in the experimental part show that the physical-mechanical 
properties of vulcanizates always change during the induction period of oxida- 
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Fie. 5.—Relation of mechanical properties of vuleanized sodium-butadiene rubbers to time of oxi- 
dation in induction period; temperature of oxidation 133°C. 


1. Oxidation (Oz) in ce. per gram. 

2. Tensile strength and kg. per cc. 

3. Relative elongation E in percentage. 
4. Modulus Mioo in kg. per sq. em. 


tion. The transition from the induction period to autocatalytic oxidation 
leads to a radical change of the mechanical properties of all vulcanizates. 
These changes become more conspicuous as the induction period of oxidation 
becomes shorter. Such a sharp change of mechanical properties is due pri- 
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0 


10 20 30 
Time in hours 
Fia. 6.—Effect of the initial concentration of inhibitor on the changes of mechanical properties of 
vulcanizates of sodium-butadiene rubbers in the induction period of oxidation. 


1. Tensile strength in kg. per sq. cm. 
2. Modulus Mioo in kg. per sq. cm. 
3. Relative elongation in per cent. 
4. Concentration of inhibitor: 
0.25% in rubber 
0.50% in rubber 


marily to the large increase of the rate of oxidation. However, the difference 
here is not only quantitative but also qualitative. The accumulation of a large 
quantity of polar groups in autocatalysis results in a large increase of inter- 
molecular activity, and also leads to secondary reactions between these groups, 
particularly to the formation of ether bridge bonds. 

For the majority of rubbers known, these structural changes of the induction 
period proceed at constant rates. For this reason the total change of the 
physical-mechanical properties of rubbers in the kinetic zone depends on the 
time period. 

It is interesting to consider the principles of the structural changes in in- 
hibited and autocatalytic oxidation. Certain investigators consider the forma- 
tion of ether bonds in oxidized rubber a basic cause of structure formation. 
Our own experiments, which were especially designed to detect ether groups in 
vulcanizates of sodium-butadiene rubber oxidized before the beginning of the 
induction period, showed that the formation of ethers in this kinetic stage of 
oxidation is not appreciable. 

Comparing the data for the structural changes of vulcanizates of sodium- 
butadiene and butadiene-styrene rubbers at the oxidation temperature 133° C, 
it is clear that the rate of these changes in vulcanized sodium-butadiene rubber 
is much greater than in butadiene-styrene rubber. The rates of oxidation of 
both these vulcanizates are, however, the reverse. It is known that the rate of 
inhibited oxidation of butadiene-styrene rubber is 3 times greater than that of 
sodium-butadiene rubber. At an oxidation temperature lower than 100° C, 
the structural changes in both vulcanizates take place at roughly the same rate. 


TABLE 1 


RELATION OF WorK Capacity OF VULCANIZATES OF BUTADIENE-STYRENE 
RuBBER AND ORIGINAL CONCENTRATION OF INHIBITOR 
Concentration of Work capacit; Work capacity in 
inhibitor in % in 1000 cycles 

7.5 113.0 
13.0 198.0 
17.0 255.0 
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The existence of an inverse relation between the rate of oxidation and rate 
of change of mechanical properties of the two given vulcanizates leads us to 
believe that the structural changes are caused, not only by oxidation, but also 
by other factors. Work by Kuzminskil, Shokhin, and Belitzkaya‘ indicated 
that the double bonds of the side chains, which do not take part in the initiation 
of the oxidation processes, cause a thermal structure formation in butadiene 
polymers. It is evident that the specific effects of these processes at oxidation 
temperatures above 100° C are quite large: the greater the content of double 
bonds in the side chains of the polymer, the more extensive is the process of 
structure formation. In fact, in sodium-butadiene rubber containing 80 per 
cent of its double bonds in the side chains, the processes of structure formation 
predominate. For natural rubber, in which all the double bonds are located in 
the main chains, degradation by oxidation predominates. Consequently 
structure formation must be related to oxidation, which takes place not only 
at the double bonds of the main chains, but also at those in the side chains. 
Naturally the changes of mechanical properties of vulcanizates during inhibited 
oxidation reflect the entire complex of transformations which cause the thermal 
structure formation, as well as oxidation, t.e., degradation and polymerization. 

As was observed above, the physical-mechanical properties of vulcanizates 
are in a continuous state of change, even in the induction period of oxidation. 
The processes which take place in the induction period of oxidation of vulcan- 
izates can be reduced to two: (1) the formation of primary active oxygen-bearing 
centers (initiation of the process), and (2) reaction of the latter with phenyl-6- 
naphthylamine, leading to rupture of the oxidizing chains on the first link. 
Such a theory does not exclude the possibility of decomposition of a certain 
quantity of active peroxides before reaction with the inhibitor. Decomposition 
of the active peroxides leads inevitably to rupture of the molecular chains of 
the rubber and this is the first stage of the change of the physical-mechanical 
properties of the latter. Naturally, an increase of the equilibrium concentra- 
tion of active peroxides (primary active centers) increases the probability of 
their spontaneous decomposition. 

From the equation of state (inhibited oxidation): 

db 
= K{C][O2] = K ][ no] 
it follows that: 


[no] = [CTOs] (1) 


Ke [b] 


Here W,, is the rate of oxidation, [C] is the concentration of double bonds in 
the polymer; [Oz] is the concentration of oxygen; K; is the initiation constant; 
K ¢ is the constant of rate of reaction of the inhibitor with the active peroxides; 
[6] is the concentration of inhibitor, and [no] is the concentration of primary 
active centers (active peroxides). 

Since [C] and [O.] hardly change under the conditions of inhibited oxida- 
tion and can be assumed to be practically constant, it follows from Equation 1 
that the value of [no] is determined by the values of K;, Kc, and [b]. It is 
known that K; characterizes the reactivity of the rubber and Kc the activity 
of the inhibitor. It should be noted that, with an increase of temperature, K ;in- 
creases faster than Kc, since the energy barrier of the reaction of oxygen with 
rubber is 22.5 keal. per mole, and of an active peroxide with inhibitor only 6-7 
keal. per mole. 
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By virtue of the reasons cited above, with an increase of temperature the 
probability of decomposition of the peroxides before the reaction with the in- 
hibitor increases; this is immediately reflected in the mechanical properties of 
the vulcanizates. 

As would follow from Equation (1), the rate of change of the mechanical 
properties of vulcanizates must depend also on the amount of inhibitor added. 
However, in reality no such relation was observed (see Figure 6). This can be 
explained by the presence in the vulcanizates of a large excess of inhibitor, even 
in the smallest concentrations, in comparison with the amount of primary active 
centers formed. 

Thus it is clear that the change of mechanical properties of rubbers during 
a change of concentration of inhibitor is so small that it lies within the limits of 
experimental error. The influence of the concentration of inhibitor, however, 
appears to a large degree in the study of the swelling of vulcanizates (see Figure 
5), where even slight changes of the mechanical properties cause a sharp change 
of their work capacity. 


CONCLUSIONS 


1. The structural-mechanical properties of vulcanizates of various rubbers 
during the time of the induction period and during autocatalytic oxidation were 
studied. 

2. A change of the mechanical properties of vulcanizates in the induction 
period is a consequence of oxidation (degradation and polymerization) and 
thermal structure formation, taking place with the participation of the double 
bonds of the side chains. 

3. In complete accord with the theory, at the end of the induction period 
and in the early stages of autocatalysis, the physical-mechanical properties of 
vulcanizates change sharply; as a result of this, the vulcanizates lose their 
technical value. 

4. During the heat aging of rubber, the concentration of inhibitor within 
the range of 0.25-0.5 per cent has no effect on the rate of change of the physical- 
mechanical properties of vulcanizates, but has a strong influence on the work 
capacity of the latter. 
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BREAKAGE OF CARBON-RUBBER NETWORKS 
BY APPLIED STRESS * 


A. F. BLANCHARD AND D. PARKINSON 


Researcu Centre, Russer Co., Lrp., BirmingHamM, ENGLAND 


Rubber is markedly stiffened by the incorporation of reinforcing fillers, and 
this aspect of reinforcement has received much attention. Most rubber tech- 
nologists define stiffness or “‘modulus”’ as the stress at a given extension or com- 
pression. An important fact to be noted in considering the stiffness of rein- 
forced rubber is that it can be softened drastically by the application of a 
prestress which exceeds the stress attained during measurement. This phenom- 
enon was first described and studied in some detail by Mullins! and has since 
been investigated and discussed in some of its aspects by the authors’. The 
work described in the present paper was undertaken to throw more light on 
the mechanism of reinforcement by a study of the changes which occur when 
the rubber is stressed. It was considered that there was a particular need for 
a method of quantitative description of the stress-strain properties of rein- 
forced rubber which included the softening of the rubber by applied stress. It 
was hoped that this approach would promote a clearer understanding of the 
nature and strength of the attachments between carbon particles and rubber 
molecules and their role in reinforcement. 


QUANTITATIVE DESCRIPTION OF STRESS-STRAIN PROPERTIES 


The approximately linear relation in certain experimental conditions be- 
tween the extension at an arbitrary stress and the magnitude of greater previ- 
ously applied stresses which was obtained? for a limited range of prestresses and 
for one type of reinforcing black does not apply for prestresses much outside 
the range 5 to 100 kg. per sq. cm. This method of studying changes in the 
stiffness of reinforced rubber by considering the extension at an arbitrary stress 
and the obvious alternative technique of considering the stress at an arbitrary 
extension (modulus) have not been adopted in the present investigation. It 
was thought that a mathematical relation between stress and extension for pre- 
stressed specimens would be more useful, if it could be obtained so that the 
stiffness characteristics could be represented by parameters which are independ- 
ent of the extension. The most promising way of achieving this appeared to 
be through a semiempirical solution of the problem which, if successful, should 
lead to valuable fundamental information. 

To be generally successful, any empirical equation for the stress-strain curve 
of reinforced rubber must continue to apply as the concentration of reinforcing 
material in the rubber is reduced to zero. This means that in certain condi- 
tions it must approximate the equation for rubber that has not been reinforced. 
Theoretical treatments of the elasticity of cross-linked rubberlike polymers in- 

* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 799-812, April 1952. 


This paper was presented before the Division of Rubber Cog eg O saad Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 
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volving the statistics of long chain molecules have been made by Kuhn’, James 
and Guth‘, Wall, Treloar,*:’7 and Flory and Rehner*. Guth and James’, and 
later Wall’, who used a different method from that of Guth and James, derived 
the following relation between stress and extension: 


r=Gla-3| (1) 


where F is the force per unit area of original cross-section; a is the extension 
ratio, i.e., the ratio of the extended length to the initial length; and G is defined 
as the modulus. Treloar® has drawn attention to the close similarity in the 
underlying concepts of Wall’s and of Kuhn’s theories and has shown that, when 
suitably modified in detail, Kuhn’s model also leads to Equation 1. This 
formula for simple extension has also been derived by Flory and Rehner* on the 
basis of a rather different model. The basic idea underlying these theories is 
the now generally accepted kinetic theory of rubber elasticity. According to 
this theory the elasticity of rubberlike materials arises from the thermal motion 
in a lateral direction of segments of long-chain molecules whose freedom of 
movement is restrained by a limited number of cross-links so that a three- 
dimensional network of interconnected chains is formed. According to the 
theoretical derivations of Equation 1, modulus G is given by the expression : 


G = BUkT (2) 


where U is the number of chains, i.e., segments between junction points—in 
unit volume and may be taken to equal the number of cross links; k is Boltz- 
mann’s constant; and T is the temperature in degrees absolute. In this equa- 
tion the factor, 8, has been introduced by Guth, James, and Mark’® because 
they consider that the process of network formation leads to a distribution dif- 
fering from that corresponding to free chains. The precise value of 8 depends 
on the detailed structure of the network. For chains having an initial dis- 
tribution of displacement lengths corresponding to that for free chains 8 be- 
comes equal to unity and : 
G = UkT (3) 


Bartenev" has quite recently proposed a stress-strain relation which differs 
from previous theories: 


(4) 


where E is a constant and a is the extension ratio. In this case EZ is approxi- 
mately three times the theoretical value for G in the equation of Guth and 
James. Bartenev also shows that for small stresses, if terms other than the 
first order are neglected, the equation of Guth and James approximates Equa- 
tion 4 in which E then becomes: 


E = 3UkT (5) 


In order to make this work as complete as possible, the application of Bartenev’s 
equation was considered to some extent, although most of the work was done 
before this equation came to our notice. As might have been expected, the 
empirical modifications required and results obtained appear to be closely 
similar. 

The theoretical stress-strain relations presented here agree reasonably well 
with experimental data for low and moderate extensions of rubber containing 
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no reinforcing fillers. The simple theory represented by Equation 1 cannot be 
expected to hold for higher extensions, since it is based on a Gaussian formula 
for the distribution of displacement lengths, and this becomes increasingly inap- 
plicable as the molecular extension exceeds more than about one third of the 
maximum extensibility. Various workers have expanded the theory for higher 
extensions by treatments involving inverse Langevin functions. Some degree 
of success has attended these efforts, but they are somewhat complex and in- 
convenient to apply. Partly for this reason, and partly because it seemed nec- 
essary to rely on a semiempirical equation for reinforced, as distinct from pure 
rubber, it was decided that an empirical modification of the simple equation 
should be sought in order to represent extensions up to 500 per cent. 

Any empirical equation for unreinforced rubber must approximate Equation 
1 for moderate extensions. A quite successful equation has been derived hav- 
ing the form: 


a 


in which y is an arbitrary constant such that yf(@) = a for moderate exten- 
sions. In this equation f(a) takes the form: 


f(a) = (7) 
where p is a constant and equal to 0.31. By expanding f(a) the theoretical 
and empirical equations coincide exactly when pa — | = 0 provided y is 
chosen so that yf(a) = a. The required expansion is: 

fla) = = [pa + (8) 
| e 


Accordingly, in order to satisfy the condition yf(a@) = a: 


y= = 1.618 


The theoretical and empirical equations coincide exactly when pa — 1 = 0, 
i.e., @ = 3.23 which represents 223 per cent extension. The equations may 
also be regarded as roughly equivalent at other extensions provided that powers 
of (pa — 1) may be neglected without errors considered serious in rubber tests. 
At 350 per cent extension the discrepancy is about 5 per cent; at 300 per cent 
about 2} per cent; at 200 per cent, about 0 per cent; at 100 per cent, about 10 
10 per cent; at 50 per cent, about 25 per cent; and at 0 per cent, about 65 per 
cent. This shows that the theoretical and empirical equations may be regarded 
as roughly equivalent for moderate extensions between 100 and 350 per cent. 
From the limited data obtained to date and even for moderate extensions, such 
differences as do exist lead to a better representation of the data by the empirical 
than by the theoretical equation. However, the greatest differences occur for 
extensions between 0 and 100 per cent; measurements for extensions less than 
50 per cent have not been made and those for 50 and 100 per cent are not very 
accurate. 

An equally successful semiempirical relation has been derived from con- 
sideration of Barteney’s equation. According to Bartenev’s theory the 
empirical relation must approximate Equation 4 for low and moderate exten- 
sions: 


(9) 
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in which y f(a) = 3a for moderate extensions. The factor, 3, appears because 
the elastic constant, FE, in Bartenev’s equation is approximately three times the 
elastic constant, G, in the equation of Guth and James, and it is convenient to 
use the symbols G and G’ throughout and define them as moduli, the prime in- 
dicating calculation from Equation 9. Here as before f(a) takes the form of 
Equation 7, but the constant p is now equal to 3. The analysis of this function 
is the same as that given previously except for the inclusion of the factor in y. 
Here y takes the value 3.64. This analysis shows that for the lower extensions 
the theoretical and empirical equations agree more closely: At 200 per cent 
extension the discrepancy is about 10 per cent; at 150 per cent, about 3 per 
cent; at 100 per cent, 0 per cent; at 50 per cent, about 5 per cent; at 40 per cent, 
about 9 per cent, and at zero extension, about 20 per cent. The theoretical 
and empirical equations may be regarded as roughly equivalent for low and 
moderate extensions between 40 and 200 per cent. 

These equations as they stand may be applied only to unreinforced rubber, 
which is substantially free from softening during extension. They are particu- 
larly accurate for high sulfur unaccelerated stocks. Accelerated stocks soften 
slightly during the first extension, but they are substantially unaffected by 
subsequent extensions that are less than the initial extensions, and it is custom- 
ary to apply Equation 1 to rubber which has been conditioned by stretching. 
Reinforced rubber softens very much during the first extension, but during 
subsequent extensions the softening is reduced and becomes progressively less, 
provided the ultimate stress in the first extension is not exceeded. To obtain 
an empirical relation between stress and elongation for reinforced rubber, it is 
necessary to make measurements under conditions such that the degree of 
softening is relatively small. In the experiments to be described later, the 
stress-strain curves were considered after the third prestress. 

Mullins! has shown that reinforced rubber behaves similarly to pure rubber 
at low extensions, following large prestresses. This experimental fact is rec- 
ognized, and the data are successfully represented by introducing a new term 
into the extension function f(a) in the semiempirical Equations 6 and 9: 


f(a) = exp. [p(a — 1) + ula — 1)*] (10) 


where the values of p are 0.31 and 0.5 for Equations 6 and 9, respectively. In 
this equation the new term u(a — 1)‘ takes into account the very rapid increase 
in stress which occurs as the extension approaches the previous extension. This 
sharp upward swing of the stress-strain curve is shown in Figures 7 and 8; 
u(a — 1)4 becomes progressively less important as the elongation is reduced 
and as u is reduced by lowering the concentration of reinforcing filler or by pre- 


stressing the rubber. 


APPLICATION OF EQUATIONS TO UNREINFORCED RUBBER 


The complete equation based on consideration of the theoretical relation of 
Guth and James comprises Equations 6 and 10: 


F = Gy E | exp. [0.31(a — 1) + — 1)*] (11) 


ai 


The success of this empirical equation in representing stress-strain data for un- 
reinforced rubber is shown in Figures 1 and 2 for extensions between 50 and 
500 per cent and for accelerated and unaccelerated vulcanizates, respectively. 
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3-0 


G = 
po 6x10" 


FRACTIONAL ELONGATION 
2 3 a 


Fig. 1.—Application of Equation 11 to unreinforced rubber vulcani zed with accelerator. 


The data were obtained for the second extension in order to minimize the slight 
softening that occurs during extension. The slope of the lines is p = 0.31 and 
the intercept on the vertical axis is the logarithm of the modulus, G; y does not 
affect the slope of the graphs and, as explained previously, it was chosen to be 
1.62 in order to make the moduli derived from the theoretical and empirical 
equations coincide approximately. For the unaccelerated vulcanizate (90 
parts rubber and 10 parts sulfur) the empirical equation represents the data 


satisfactorily for extensions up to 500 per cent. The data for the accelerated 
stock (rubber 100, sulfur 3, mercaptobenzothiazole (MBT) 0.7, stearic acid 3.0, 
zine oxide 5.0) suggest that the lowest extensions of 60 and 100 per cent do not 
fit so well, but in view of the inaccuracies in determining the stress at low ex- 
tensions it is doubtful whether this departure has any significance. The modu- 
lus values obtained, G = 3.8 kg. per square cm. and G = 4.2 kg. per sq. cm., 


G= 4:18 


FRACTIONAL ELONGATION (a-/) 
2 3 a 


Fig. 2.—Application of Equation 11 to unreinforced rubber vulcanized without accelerator. 


$12 
= 
24 
15 
. 
| 
= 
{ 
i 
| 
> 
' 
20 e 
Bs 


BREAKAGE BY STRESS OF CARBON-RUBBER NETWORKS 813 


are of course substantially identical with the estimates generally obtained by 
application of Equation 1 to unreinforced rubber. 

The alternative relation, based on considerations of Bartenev’s equation, 
comprises Equations 9 and 10: 


F =G'y E emp. ~ 1) + ale (12) 


where y = 3.64. The success of this equation in representing the data is 
shown in Figure 3 for extensions between 50 and 500 per cent of the unacceler- 


40. 


peo 


FRACTIONAL ELONGATION 
' 2 3 4 


6 


Fig. 3.—Application of Equation 12 to unreinforeed rubber vulcanized without accelerator. 


ated vulcanizate. The slope of the line is p = }, and the modulus value is 
higher than obtained by applying Equation 11. 


APPLICATION OF EQUATIONS TO REINFORCED RUBBER 


General experimental procedure.—Ring-shaped test-pieces were used and the 
experiments were carried out on a Goodbrand tensile testing machine, which is 
electrically-driven and makes an automatic recording of stress-strain curves. 
The rate of extension was 20 cm. per minute, and the tests were carried out in 
a controlled atmosphere at 70° F (+2°) and 65 per cent humidity. In these 
experiments twelve different prestresses were used—namely, 30, 40, 50, 60, 70, 
80, 100, 120, 140, 160, 180, and 200 kg. per sq. em.; there were two test-pieces 
for each prestress, the prestress being worked out on the original cross section. 
According to Mullins" much of the set is incomplete elastic recovery and disap- 
pears on heating ; therefore, since only a small part of the observed set represents 
a true change in dimensions, it was not taken into account. There is a small 
venuine change, but it has only « small effect on the results. 

In these experiments four successive stress-strain curves were drawn on the 
machine, the ultimate stress in each case being equal to the ultimate stress 
during the first extension, 7.¢., the first prestress. The specimens were held at 
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hic. 4.——Stress-strain curves of carbon-reinforced rubber after 
successive prestress of equal magnitude. 


the prestress for 30 seconds, and then the stress was released. In each case ap- 
proximately 1 minute elapsed between successive extensions although this 


time was not precisely controlled. 

A typical set of curves is shown in Figure 4. Most of the softening takes 
place during the first extension, and little occurs during the fourth extension. 
P, Q, R are the points corresponding to the ultimate extension reached on the 
previous curve. The difference between the areas OAE and OPE is propor- 
tional to the difference in energies required to extend the rubber successively 
to the same elongation, and this difference has been taken to be approximately 
proportional to the energy absorbed in the rubber during the first extension 
because of rupture of bonds. Similarly the energy absorbed during the second 
and third extensions has been taken to be proportional to the difference in the 
areas ORF and OQF. The areas were measured with a planimeter and con- 
verted to energies in calories per cc. The energy absorbed during the third 
extension is small relative to the energy absorbed during the first extension, as 
would be expected from the much smaller degree of softening during the third 
extension. The energy absorbed and the softening during the fourth extension 
would be smaller still, and as a necessary approximation it has been neglected in 
this work, although this must undoubtedly lead to some inaccuracy. 

Tread Vulcanizate Containing MPC Black. A study was made of a com- 
pound mixed aceording to the formula: 

Parts by weight 
Rubber 100.0 
MPC black 50.0 
Stearic acid 
Zine oxide 
Santocure 
Sulfur 
Antioxidant 
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PRE-STRESS PRE-STRESS 


2 
PRE-STRESS 
SOKG/CM 


GUM_STOCK 


4 
—— =!) 
Fig. 5.—Application of Equation 11 to rubber reinforced with carbon black. 


and cured 55 minutes at 281° F. Equation 11 derived from Guth and James 


may be written: 
In F — ®(a) = InG + ula — 1)! (13) 
where 


P(a) = 0.31(a@ — 1) + In 1.62 (14) 


Hence if the semiempirical equation represents the data satisfactorily, a plot 
of In F — ®(a@) against (a — 1)‘ should give a straight line with slope u and 
intercept InG. Typical curves are given in Figures 5 and 6 which show how 


30) PRE-STRESS STRESS /PRE-STRESS 
80 KG/CM IOOKGEM'e 120 KG/CM’ 


40 80 20 60 200 
Fic. 6.—Application of Equation 11 to rubber reinforced with carbon black. 
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50 


PRE-STRESS SO kg/cm? 
G = 7-16 kg/em? 
pp =0-0524 


STRESS 


PRE-STRESS 30 kg/cm? 
G = 8:17 kg/cm? 
0165 


* UNREINFORCED RUBBER 
G=3-82kg/em? 


so 100 150 200 
ELONGATION 


Fic, 7.—Influence of carbon black on stress-strain curves and effect of prestress. 
prestressing reduces G and the slope or extension factor, u. Equally satisfactory 


graphs have been obtained for all prestresses in the range 30 to 200 kg. per sq. 
em., and for the other compounds considered in this paper. The effect of 


carbon black loading will not be considered here, but the equation has been 
satisfactorily applied for MPC black loadings from 10 to 60 parts by weight. 
In some instances, however, a slight tendency to upward curvature of the graphs 


PRE-STRESS 160 kgm? 
G = 4°44 kg/em? 
p =3-31x10” 
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PRE-STRESS 
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UNREINFORCED RUBBER 
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200 300 400 500 
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Fic. 8.—Influence of carbon black on stress-strain curves and effect of prestress. 
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was noted for prestresses between 160 and 200 kg. per sq. cm.; this suggests that 
for high prestresses and high extensions the equation does not fit the data quite 
so well. 

The stress-strain curves for prestressed reinforced rubber are illustrated in 
Figures 7 and 8, the experimental points being represented by the crosses. 
These graphs show that the extension at which the curve begins to swing up- 
wards increases with prestress and that this behavior is represented by changes 
in p. 

Equation 12 has been applied to a tread vulcanizate containing an HAF 
black, and it was equally successful in representing the experimental data. 
The values for G’ obtained by using this equation are higher than the values of 
G from Equation 11, but are directly proportional to them. The two moduli 
are compared in Figure 9, in which the lowest experimental point represents the 
unreinforced rubber consisting of rubber and sulfur only. 


] © REINFORCED RUBBER 
(VARIOUS PRE- STRESSES) 


x UNREINFORCED RUBBER 


° G 
2 4 6 8 


Fia. 9.—Relation between moduli, G and G’, obtained from Equations 11 and 12, respectively. 


These results indicate that, for the range of extensions used in these experi- 
ments, it is immaterial which of the equations is used, except in so far as the 
one may be slightly more accurate than the other or more sound in its the- 
oretical basis. Values of w obtained from the two equations are almost 
identical as shown in Figure 10. 


INTERPRETATION OF G AND u 


The explanation of the elasticity of rubberlike polymers in terms of chemical 
cross-linkages between the rubber macromolecules and the thermal energy of 
the system is now well established. In regard to reinforced rubber, it is con- 
venient and instructive to draw a crude analogy with a chemically cross-linked 
polymer and to attempt a rough form of interpretation in terms of linkages 
between rubber molecules. These linkages between the rubber molecules are 
presumed to occur through carbon particles as a result of adsorptive or chemi- 
sorptive attachments between the carbon and the rubber. This concept is 


i 
| 
te 

10 

G 
6 

G=129G 

- 

ial 
\ \ \ 
' 


818 RUBBER CHEMISTRY AND TECHNOLOGY 


illustrated in Figure 11 in which linkages are formed by the particles B and C 
but not by A. 

For moderate extensions of unreinforced rubber, the theoretical and em- 
pirical equations for the stress-strain curve for approximately equivalent, and 
so G can be taken to be proportional to the number of cross-links in accordance 
with the Equation 2. In this case, uw in the extension function (Equation 10) 
is very small, so the term u(a@ — 1)4 can be neglected. In reinforced rubber 
this is true only when a small amount of reinforcing material is present or when 
u has been drastically reduced by applying a large prestress. The extension 
factor, u, may therefore be taken to represent roughly the deviation from the 
theoretical equation for a given extension. This departure from theoretical 
behavior decreases very rapidly as the extension is reduced. Hence, G in the 
semiempirical equation may be said to determine stiffness at the lower exten- 
sions; it has been regarded as representing roughly a theoretical component of 
the stiffness with deviation from theoretical behavior represented by uy. 


° 04 


Fie. 10.—Relation between extension factors, and obtained from 
equations 11 and 12, respectively. 


The effect of incorporating a mass of bonded carbon particles in rubber 
instead of a simple chemical cross-linking agent is not easy to predict. Cross- 
linking by carbon particles means that the linkages take place through carbon 
particles instead of through links which approximate mathematical points, and 
there is also the general effect of a mass of carbon particles in the rubber to be 
considered. However, in view of the presence of carbon particles at the junc- 
tion points in reinforced rubber it is interesting to note that James and Guth‘ 
have shown that the forces developed by a cross-linked network are theoreti- 
‘ally the same whether the junction points are treated as free or fixed at their 
most probable positions. As a rough working hypothesis, it seems reasonable 
to assume that G@ is roughly proportional to the number of cross-links of all 
kinds (including sulfur linkages) present in unit volume. Making this as- 
sumption : 

G= WVU (15) 


where the constant of proportionality WV = BkT (cf. Equation 2). The con- 
stant, 8, may depend to some extent on the quantity of carbon black in the 
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rubber and on the number of linkages which it forms. It is probable that some 
error will arise in using Equation 15, owing to changes in 8, and therefore WV, be- 
cause of alterations in the distribution of chain displacement lengths as the 
degree of cross-linking is altered by prestressing the rubber. In view of all 
these considerations, Equation 15 is proposed only as an approximate relation 
which has been found useful in considering the softening of rubber by applied 
stress. 

The experimental results may be generally expressed by saying that, at low 
extensions, the stiffness of reinforced rubber is determined mainly by G, and its 
behavior is similar to the theoretical behavior of an ordinary cross-linked 
polymer, whereas at high extensions the stiffness is mainly determined by yu 
and its behavior is entirely different from that predicted by the simple theory. 
For unreinforced rubber the departure from simple theory represented by the 
sharp upward swing in the stress-strain curve is generally attributed to the 
effect of the limited extensibility of the network. For reinforced rubber 
(Figures 7 and 8) the upward swing occurs earlier at elongations determined by 
the value of u, which depends on the stress the rubber has experienced and the 


l 


m 
n 


Fic. 11.—Formation of linkages between rubber molecules through carbon particles. 


quantity of carbon black it contains. A reasonable explanation of these results 
is that the linkages formed by the carbon particles in effect limit the maximum 
extensibility of the network and that continued extension is possible only be- 
cause more bonds are ruptured when the prestress is exceeded. One of the 
most striking characteristics of reinforcement by carbon black appears to be 
the relatively large values of u which result, and this is presumably because the 
cross-linking is by means of particles consisting of more than a few atoms. 


ANALYSIS OF SOFTENING BY APPLIED STRESS 


Table I shows a typical set of data for a tread compound containing 50 parts 
of MPC black and cured 55 minutes at 281° F. 

Figure 12 shows how G varies with the quantity of energy, H, absorbed in 
the rubber because of various prestresses. IfG is a rough measure of the number 


d 1 dH 
of cross-linkages, the inverse slope of the curve a ( ey - from Equation 15) 
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gives an indication of the energy due to rupture of a single linkage. After low 


prestresses, G, and hence the number of linkages, is high, but “a is small indi- 


cating that only weak linkages are broken. After high prestresses G is small, 
1H 
not much greater than for unreinforced rubber, whereas a is large, suggesting 
that strong linkages are now being broken. Thus only a relatively small num- 
ber of strong linkages are introduced by reinforcement. Although the quantity 


a may be legitimately used in forming the broad picture of the nature of the 
linkages in reinforced rubber, it cannot be used with much confidence as a 
general measure of linkage strength because of theoretical complications arising 
out of the distinction between bonds and linkages. This can be understood by 
reference to Figure 11 in which particle B has two attachments (bonds) and 


° 2 4 6 8 ite) 
ENERGY 'H’ ABSORBED IN CALS. PER C.C. 


Fig. 12.—Relation between modulus and energy irreversibly absorbed in 
rubber during three successive prestresses. 


forms one linkage between molecules | and m, whereas particle C has three at- 
tachments and forms linkages between l and m, l and n, and mand n. Thus 
for any one carbon particle two bonds form one linkage, three bonds form three 
linkages, and n bonds form $n(n — 1) linkages so that the energy required to 
rupture one bond may in some instances destroy more than one linkage; 


dH 
a will then be a measure of the energy to rupture a linkage, not a bond. 


Another possible measure of the strength of a linkage would be the force per 
link required to rupture that linkage. It is to be expected that the force per 
linkage depends on the stress applied to the rubber and on the number of link- 
ages, U, per unit volume. The dimensions of stress are (M), (L~), and (T~), 
and the dimensions of U are (L~*). An expression for the force per linkage in 
terms of these quantities must have the dimensions of force, i.e., (M), (L), and 
(T-*). Therefore, since the force per linkage will be directly proportional to 
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the prestress, S: 


_ 


This condition is satisfied provided that p = 3. It is, therefore, probable that 
the force per linkage may be satisfactorily expressed in terms of the quotient 
ti The ultimate justification of any measure of linkage strength lies in ex- 
periment, and a valid measure of this property must be such that the proportion 
of linkages introduced by the filler with strengths between various limits is 
independent of the loading of filler. In other words, although the quantity of 
reinforcing filler in the rubber determines the number of linkages, it cannot alter 
the true strength distribution of those linkages. In practice it was found that 


100 200 300 400 soo 


Fic. 13.—Relation between modulus and stress concentration per linkage applied to rubber. 


a satisfactory measure of linkage strength in this respect could be obtained by 


multiplying Ti by the extension ratio, a, corresponding to S. Preliminary 


experiments not recorded in this paper indicated that the value of Ti required 
to break a linkage is a valid measure of linkage strength, notwithstanding the 
enormous variation of a with the content of reinforcing filler. Since a@ is 


dimensionless, this product still has the dimensions of a force and may still be 
taken to be a measure of the force per linkage. If U is taken to be roughly 


proportional to G@ in accordance with Equation 15, the quantity is therefore 


a measure, though not an absolute one, of the force per linkage and should 
determine the degree of softening following the application of stress. In 
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as 
Gi . 
when the force per linkage is small signify breakage of a relative large number 
as 
tively small number of strong linkages are broken by the highest prestresses. 
The small difference in these conditions between the G values for reinforced 
rubber and for gum stocks shows that only a small number of strong carbon- 
rubber linkages remain unbroken after the highest prestress (200 kg. per square 
em.). 


Figure 13 G is plotted against The comparatively large changes in G 


of weak linkages. The small changes in G when —; is large show that a rela- 


S 
We may define a linkage strength factor, X, as the value of a required to 


break the linkage. If G = WU, dU = =. so that changes in the number of 


links per unit volume are expressed in terms of Y. In practice V has been 
dropped and G has been used as a measure, though not an absolute one, of the 


15 20 


Fig. 14.—Graph of function expressing distribution of linkage strengths (X) for MPC black. 


linkage concentration. The experimental prestresses are in the range 30 to 
200 kg. per sq. em., and data on the weakest linkages which rupture between 0 
and 30 kg. per sq. em. are not available. 

In the range of easily breakable linkage strengths covered by these experi- 
ments, the distribution has been satisfactorily represented by the function : 


dG = — AX%e-KX4gx (16) 


where dG is proportional to the number of linkages with breaking strengths 
between X and X + dX. This distribution function was obtained empirically 


from the tangents “© for different X values in Figure 13. 


. 
\ 
/ | 
3-0. 
y, 
e 
K=+262 
A=0-0263 
e 
| 
2-0. 
x* 
ite) 
| | 


RUBBER CHEMISTRY AND TECHNOLOGY 


dG 
dX 
line being K logioe. Although the experimental points on this graph suggest 
the relation may not be linear, this is not borne out by other data and is believed 
to be due to experimental errors. 
If G* represents the modulus due to strong linkages (including sulfur link- 
ages), which cannot be ruptured by stress concentration of the magnitude used 
in these experiments, then: 


In Figure 14 logyoX! — logic E. ‘i is plotted against X!, the slope of the 


G = G* + G,F(X) (17) 


where G, is a constant proportional to the total number of linkages which can 
readily be broken by prestressing. F(X), which is based on the distribution 
function in Equation 16, is a function of the strength, X, of the weakest un- 
broken linkages present; it is zero when only the unbreakable linkages are left 
and unity when no linkages have been broken. 

If the distribution function (Equation 16) is integrated over the range of X 
from zero to infinity: 


Xte-KX'Gx = @) — (18) 
0 
so that 


x 


The application of G* and G, will be discussed later. 


TABLE II 
VALUES OF G AND yp 


reinforced rubber 


unreinforced rubber 


as 
The variation of u with 7 is shown in Figure 17. Whereas the lowest 


value of G (Figure 13) is close @ the value of G@ for unreinforced rubber, the cor- 
responding value of uw in Figure 17 is still much greater than for unreinforced 
rubber. In Table II, a comparison is made between values of G and uw obtained 
in some other experiments after applying a large prestress. For moduli which 
are substantially equivalent the extension factor of rubber which has been 
cross-linked by carbon black particles is much higher than the extension factor 
of rubber which contains only the chemical cross-links due to vulcanization. 
A high extension factor relative to modulus is, therefore, characteristic of cross- 
linking by carbon particles. This is presumably because the cross-linkages are 
formed through relatively large rigid carbon particles or chains of carbon 
particles as a result of adsorption or chemisorption. 


EFFECT OF HEAT TREATMENT 


The data of Table I record part of an experiment in which the effect of heat 
treatment of a rubber-channel black stock was investigated. The rubber and 
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TaBLe III 
Errect or Heat TREATMENT (MPC) 


Stress (kg. /sq. cm.) 


Prestress Extension 
(kg. /sq. em.) (%) 
30 


Normal Heat-treated 


w 
SASS 
own 


wh 


— 
RS 


Se 


ZS85 


=j 


black were mixed together and the stock was divided into two parts, one of 


which was allowed to stand overnight before the mix was completed; the other 
half was heated for 45 minutes at 316° F in a steam pan before completion the 
next day. Some of the experimental data are compared in Table III. These 
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Fig. 15.—Relation between modulus and stress concentration per linkage for 
normal and heat-treated rubbers containing MPC black, 


10.3 

71 9 

114 

107 a 

100 107 

179 

214 

286 

140 143 

214 

286 

357 

180 179 

286 

357 

a 

8 

NORMAL 

+ HEAT TREATED 

+ 

G 

+ 

6 

e 

5 


RUBBER CHEMISTRY AND TECHNOLOGY 


45. 


20. 


5 20 


Fig. 16.—Graph of function expressing distribution of linkage strengths 
(X) for heat-treated rubber containing M black. 


results show that, for large extensions after high prestresses, the difference due 
to heat treatment was large, but for small extensions following low prestresses 
little effect was observed. A similar story is told by data from the initial 


stress-strain curves. For instance at 40 kg. per sq. cm. the extension of both 
rubbers was 168 per cent, whereas at 200 kg. per sq. cm. the heat-treated rubber 
extended 438 per cent, compared with 533 per cent for the normally treated 
rubber. This is striking proof of the inadequacy of the conventional methods 
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Fig. 17. —Dependence of extension factor on stress concentration per linkage applied to rubber. 
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TaBLe IV 
Errect or Heat TREATMENT (MPC B tack) 

‘Normal Heat-treated 
0.010 0.007 
0.017 0.016 
0.027 0.029 
0.044 0.054 


of expressing the stress-strain properties of reinforced rubber in terms of the 
extension at an arbitrary stress or the stress at some arbitrary extension. 
Equation 11 has been successfully applied to heat-treated rubber. In 


se for both the heat-treated and the normal 


rubbers. The diagram shows that, after small prestresses, there are fewer 
cross-linkages in the heat-treated stock, but that the treatment is responsible 
for a remarkable increase in the number of strong linkages which survive the 
highest stresses applied to the rubber in these experiments. In Figure 16 the 
slope of the line is equal to that for the untreated rubber so that K = 0.282 as 
before, but A has been reduced to about one-half its previous value and G,, the 
component of the modulus due to easily breakable linkages, has been reduced 
by half, whereas the component G*, due to strong linkages, has been increased. 

The effect of heat treatment on the extension factor following various pre- 
stresses is shown in Figure 17, which is similar to the figure in which G is plotted 
aS 
Gq 
values of G for normal and for heat-treated rubber. 


TABLE V 
Errect or Heat Treatment (HAF Back) 


Figure 15 G is plotted against 


against Table IV shows the extension factors corresponding to various 


Stress (kg. /sq. cm.) 
A. 


Prestress Extension 
(kg. /sq. em.) (%) 


30 


Normal Heat-treated 


SESS 


ooon 


; 
6. 

= 50 12.1 10.4 

71 15.1 13.1 ot 

93 19.3 16.0 2 

114 28.0 21.2 

60 50 10.5 4 

107 17.8 uf 

143 25.5 3 

186 54.0 2 

100 71 11.5 

143 18.0 

229 42.0 af 

250 61.5 

140 143 17.0 

214 25.5 

321 98.2 

180 179 18.5 23 
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The influence of heat treatment on G and yu for a high abrasion furnace 
black stock is much less striking than it is in a rubber-channel black stock. 
Part of the experimental data is shown in Table V. 

Table VI gives a comparison of G and uw obtained after various prestresses 
for the normal and heat-treated stocks. There is considerable irregularity in 


TaBLe VI 


Errecr or Heat Treatment (HAF Brack) 
Modulus, G 


r — Extension factor, u 
Prestress Heat- A- ~ 
(kg. /sq. em.) Normal treated Normal Heat-treated 
30 8.73 7.81 2.53 X 107 1.50 X 107! 
: 40 8.50 7.63 1.48 K 107 1.11 <X 107 
50 8.52 8.52 1.04 x 107! 9.95 X 10 
60 7.97 8.17 7.54 X 107 7.33 X 107 
70 7.94 7.88 5.45 X 107 5.57 X 107? 
80 7.7 8.00 3.75 X 107 4.20 x 10°? 
100 8.02 7.52 2.30 X 107? 2.80 K 107 
120 6.68 7.69 1.52 K 107% 1.96 X 10 
140 6.98 6.68 1.34 K 107 1.37 X 1072 
160 6.36 6.22 7.51 X 1073 1.00 x 107 
180 6.11 5.93 5.81 X 1073 6.45 & 1073 


the values of G for the lower prestresses on the heat-treated rubber. Equation 
11 used to obtain G and uy fitted the data satisfactorily ; hence, the irregularities 
presumably result from differences between the samples used for the various 
prestresses. The cause of these differences is not known. The extension 


factor of the heat-treated stocks appears to be slightly less than normal after 
low prestresses and greater than normal after high prestresses. Considering 
a the irregularity in the values of G there does not appear to be any appreciable 

’ change in G due to heat treatment for either small or large prestresses. 


COMPARISON BETWEEN REINFORCING FILLERS 


The differences in properties between channel black and high abrasion 
furnace black are of particular interest in any study of reinforcement and ac- 
cordingly a comparison between these blacks was made using the methods 
described previously ; the compounds were mixed to the following formula and 
cured 55 minutes at 281° F: 


Parts by weight 
1 


Rubber 1 
MPC black 

HAF black 

Stearic acid 

Zine oxide 

Santocure 

Sulfur 

Antioxidant 


| 38 


SS 


Part of the experimental data is recorded in Table VII. For large extensions 
following high prestresses the stiffness imparted by HAF black greatly exceeds 
the stiffness due to channel black but for low extensions after low prestresses 
little difference is observed. The differences observed are even greater than 
those between normal and heat-treated stocks. 

Equation 11 has been successfully applied to rubber reinforced with HAF 
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TaBLe VII 


COMPARISON BETWEEN MPC anp HAF Buiacks 
Stress (kg. /sq. em.) 


Prestress Extecasion MPC black HAF black 
(kg. /sq. em.) (%) vulcanizate vulcanizate 


30 


aS 
Gs 
the HAF black and MPC black. The diagram shows that the rubber rein- 
forced by HAF black has, according to the authors’ interpretation, not only 
more linkages but a considerably greater number of strong linkages. Applying 
Equation 16, K = 0.270 for HAF black, a value substantially the same as that 


black. In Figure 18 G is plotted against for the rubbers containing both 


VIII 
VARIATIONS IN EXTENSION FACTOR 


Extension factor 


Prestress MPC black HAF black ; 
(kg. /sq. em.) vulcanizate vulcanizate 
107! 107! 
10°? 10> 
10°? 107 
10°? 10? 
10°? 10-2 
10°? 10°? 
10-2 10°? 
10-8 10>? 
10-3 107? 
10-8 10-3 
10-8 
10-3 


x 


> 


pe 


Sau 


KK KKK KK XK 


= 50 11.3 12.1 = 
71 14.0 15.1 es 

93 17.7 19.3 

114 23.4 28.0 

60 50 9.5 10.5 — 
107 18.5 17.8 

143 19.3 25.5 

186 29.5 54.0 

100 107 13.3 14.8 — 
143 15.8 18.0 _ 

200 28.3 

250 30.5 61.5 

140 143 14.0 17.0 5 
179 16.5 21.0 a 

214 20.0 25.5 

286 28.0 58.0 ae 

160 179 15.0 18.5 - 
250 20.5 

321 65.5 

357 43.5 107.0 a 

180 179 13.0 18.5 . 
286 21.0 33.0 

357 30.5 83.0 am 

393 43.5 133.0 
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obtained previously for MPC black. The differences in extension factor are 
shown in Table VIII. 

Only a brief account is possible here of comparisons between other reinforc- 
ing fillers, those which will be dealt with including fine thermal black (P-33), 
calcium silicate (Silene), and magnesium carbonate. With the exception of 
P-33, which had 36 parts by volume, the concentration of filler was 26 parts by 
volume, which corresponds to 50 parts by weight of carbon black. 
The compounds were mixed according to the following formulas: 


«Parts by weight 


Smoked sheet rubber 100.0 100.0 100.0 

P-33 70.0 

Silene 55.3 
Magnesium carbonate 59.3 
Stearic acid 2.0 2.0 2.0 
Zine oxide 5.0 5.0 5.0 
Sulfur 2.5 2.5 2.5 
Santocure 0.7 0.7 0.7 
Antioxidant 1.0 1.0 1.0 


Table IX shows some of the data which were obtained at a cure of 55 
minutes at 281° F. 
In each case Equation 11 was applied successfully, and in Figure 18 the 


S 
curves for G plotted against a are shown with the curves for channel black 


TaBLe IX 


DaTa FOR MISCELLANEOUS REINFORCING FILLERS 


Stress at extension (kg. /sq. cm.) 


Magnesium 
Silene carbonate P-33 
Prestress Extension (26 parts (26 parts (36 parts 
(kg. /sq. em.) (%) by vol.) by vol.) by vol.) 
30 71 7.8 9.3 10.8 
107 — 12.1 13.8 
214 17.1 25.2 — 


8.8 
5.0 
357 20.0 29.8 37.0 
100 179 8.8 9.5 or 
429 19.0 24.8 29.0 
500 25.5 42.5 48.0 
120 179 9.5 8.5 10.0 
321 15.0 14.5 — 
500 25.0 29.5 36.0 
140 179 8.5 8.5 10.5 
429 18.0 20.0 23.5 
500 21.5 28.5 31.0 


and HAF black. These curves are all for equal volume concentration equiva- 
lent to 50 parts by weight of black. The curve for the vulcanizate containing 
70 parts by weight of P-33 is Shown in Figure 19. 


~ 
= 
q 
a 
— 
\ 


BREAKAGE BY STRESS OF CARBON-RUBBER NETWORKS 831 


MECHANISM OF SOFTENING BY APPLIED STRESS 


To account for the stiffness of reinforced rubber, it is necessary to postulate 
some kind of attachment of the reinforcing particles to the rubber molecules. 
Theoretical approaches to this problem by considering the stresses in rubber in 
the region of spherical particles have been made by Weiss'*, Rehner', Small- 
wood!®, Guth'*, and Guth and Gold'’. By computing the hydrodynamic 
interaction of pairs of particles Guth and Gold added a term to Smallwood’s 
equation, obtaining the expression: . 

E* = E(1 + 2.5C + 14.1C?) (20) 


where E* is Young’s modulus for the reinforced rubber, E is Young’s modulus 
for the rubber matrix, and C is the volume concentration of filler. To account 
for the effect of the presence of chainlike groupings of carbon particles Guth has 


10 


200 


Fig. 18.—Relation between modulus and stress concentratien per inkage 
for rubber containing 26 parts by volume of various fillers. 


considered rodlike particles of fillers and obtains the equation: 
E* = E(1 + 0.67fC + 1.62 °C?) (21) 


where f is the shape factor of the rod. 

Although these equations have been shown by Guth'* and by Cohan'® to 
conform to experimental data for certain fillers, they take no account of the 
softening of reinforced rubber by application of stress so that, as theories of 
stiffness, they are incomplete and can hardly be regarded as satisfactory in 
offering an explanation of the mechanism of reinforcement in which factors 
other than stiffness are important. However, it may perhaps be argued that 
the softening of reinforced rubber with stress can be accounted for by changes 
in f in Equation 21. This possibility arises in the interpretation in terms of 
cross-linkages through carbon particles put forward in the present paper. For 
a given number of attachments between rubber molecules and carbon particles, 
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there will be a higher proportion of linkages through the carbon if chain struc- 
ture is present, and the number of linkages will be reduced by rupture of the 
carbon chains. This is shown in Figure 20, which represents three particles 
each having one attachment to the rubber. Individually the particles do not 
form a linkage, but if grouped into a coherent chain of particles they form three 
linkages between the molecules 1, m, and n. 


35 


Fic. 19.—Relation between modulus and stress concentration per linkage 
for rubber containing 36 parts by volume of P-33 black. 


Mullins! ascribed softening of reinforced rubber with stress to breakdown 
of bends between filler particles and to filler-rubber bonds. He appears to 
have emphasized filler chain structure in *this connection, particularly in a 
later publication”, where there is little mention of bonds between filler and 
rubber. 

The work of Ladd and Wiegand*! led them to conclude that chain structure, 
which is present in carbon black before incorporation into the rubber, largely 


l m 


Fic. 20.—Effect of primary carbon chain structure on linkage formation. 


persists after mixing and milling, a view which has received support from work 
by the present authors” and by Cohan and Watson. It was concluded” that, 
although there is a limited mobility of carbon particles in rubber, there is no 
evidence of extensive catenation of carbon particles within the rubber following 
milling. Remilling the rubber-black stock following heat treatment under 
certain conditions can break down the carbon chain structure permanently, 
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as is indicated by the enormous increase in electrical resistivity, which shows 
no appreciable change on further heating. The chains of carbon particles, 
characteristic of the black, which undoubtedly exist in rubber are interpreted 
as portions of original structures formed during manufacture of the black and 
which have survived the stresses during normal milling procedure. 

The term “characteristic structure’ was later adopted by the authors™ to 
express this concept, but the term “primary structure’ used by Cohan and 
Watson seems to be preferable. It seems unlikely that primary structures 
which have withstood the severe action of remilling will be broken by small or 
moderate extensions of the rubber vulcanizate. The term “fortuitous struc- 
ture” was used** to describe chainlike groupings of particles formed by ad- 
jacent particles within the rubber, but here also the term “‘secondary structure” 
used by Cohan and Watson is better. In Hevea rubber, according to electrical 
resistivity measurements, this structure appears to be influenced by flexing, 
stretching, and heating, there being some increase in conductivity when the 
rubber is heated following flexing or stretching. Previous work™, which in- 
volved comparisons of the changes in electrical resistivity and tensile stiffness 
accompanying prestressing, suggested that the softening of rubber with stress 
cannot be attributed to rupture of secondary chain structure, which appears 
to be relatively weak and presumably only makes a contribution to stiffness at 
very low extensions. In certain circumstances involving heating and stressing 
the rubber, the stiffness was even increasing while the electrical conductivity 
decreased sharply. Therefore the softening of rubber with stress is attributed 
mainly to rupture of carbon-rubber bonds. 

The research reported here has provided fresh evidence that the changes in 
stiffness of reinforced rubber under various experimental conditions cannot be 
interpreted in terms of chain structure or shape factor. For instance the pro- 
found changes in stiffness with applied stress are also obtained with fine thermal 
black P-33 (Figure 19), which has little chain structure and has in fact been 
used by Guth'*® and Cohan?® to test Equation 20, which is intended to apply 
to spherical particles having no shape factor. Moreover, the values of G for 
rubber containing Silene and magnesium carbonate are so low after moderate 
and low prestresses (Figure 18) that no appreciable stiffening of the rubber by 
these fillers can have survived. This means that, even if it could be main- 
tained that these fillers have shape factors which can be reduced by stressing 
the rubber, it would still be necessary to assume that substantially all the filler- 
rubber bonds which form linkages have been broken. However, since Silene 
consists of approximately spherical particles of calicum silicate which do not 
appear to exhibit chain structure, it does not seem possible to explain any part 
of the softening of rubber containing this filler in terms of shape factor. The 
particles of magnesium carbonate on the other hand are asymmetric, and there- 
fore possess a shape factor, but they do not appear to show chain structure. 
This makes it difficult to attribute softening to reduced shape factor, for it is 
inconceivable that the magnesium carbonate particles are broken by stressing 
the rubber matrix. Another fact to be noted is that softening by applied stress 
is also observed in rubber after heat treatment as described earlier. The 
resistivity of such rubber is very high (approximately 10"? ohm-em. for rubber. 
containing MPC black) and is practically unchanged by stressing, indicating 
that little primary or secondary structure remains. Moreover, the softening 
due to applied stress (Figure 18) is no greater for the HAF black than it is for 
the MPC black, although the HAF black has considerably more chain structure 
to break down. 
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Admittedly, as first shown by Bulgin**, there is plenty of evidence that the 
resistivity of Hevea rubber containing channel or furnace black is increased by 
momentarily extending the rubber and this implies that the secondary structure 
has been disturbed and reduced in amount. According to Waring?’ such 
changes in electrical conductivity are not observed for carbon black in Neo- 
prene and Perbunan, although softening as expressed by changes in dynamic 
stiffness is still obtained. Although not in any way conclusive, this does, in 
our opinion, throw more doubt on the assumption that change in chain struc- 
ture is necessarily an important factor in the softening of rubber by stress under 
the experimental conditions considered here. 

In order to make a further test of previous conclusions’, an experiment was 
carried out on vuleanizates containing MPC black and HAF black. This 
formed part of a wider study designed to inquire how far the changes in stiffness 
due to stress are reversible by heating. In this experiment the procedure de- 
scribed earlier was used to obtain the variation of the parameters, G and uy, 
with prestress. This was done both for normal test-pieces and for test-pieces 


+ fnitiolly unstressed testpieces 
Stressed 120 and heated 


Fig. 21.—Partial reversibility of stiffness changes in MPC stock on standing and heating. 


which had already been softened by stressing to 120 kg. per sq. cm., and then 
heated for 1 hour at 80° C and cooled. In addition the electrical resistivity of 
the test pieces was measured in the relaxed condition 5 minutes after the fourth 
extension. Contact with the rubber was made by means of aquadag and tin- 
foil. It should be emphasized that, owing to the large variability, the data 
from the electrical conductivity measurements are only approximate figures 
giving the order of magnitude. After stressing to 120 kg. per sq. cm., the 
resistivity of the vulcanizate containing MPC black was approximately 2 X 
10 ohm-em. Subsequent heating reduced the resistivity to approximately 
5 X 10° ohm-em., indicating that the heating has brought about some reforma- 
tion of secondary chain structure. After applying a stress of only 30 kg. per 
sq. em., the resistivity became approximately 2 X 10" ohm-cm., which is the 
same as before heating. This indicates that the secondary structure reformed 
by heating is transient and can make no contribution to the stiffness at stresses 
exceeding 30 kg. per sq. em. and may make no contribution even at much lower 
stresses. Similar results were obtained for the vulcanizate containing HAF 
black ; stressing to 120 kg. per sq. em. increased the resistivity from about 3 X 
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10° to approximately 10° ohm-cm., and later heating reduced it to about 3 Xx 
10° ohm-cm., indicating a substantial reformation of secondary chain structure. 
After subsequently applying the smallest stress of 30 kg. per sq. cm., the 
resistivity increased from 3 X 10° to approximately 107 ohm-cm. This is still 
less than the value before heating, but it does indicate that the reformed second- 
ary chain structure contributes little to the stiffness at stresses exceeding 30 kg. 
per sq.cm. These results appear to confirm previous conclusions? that second- 
ary chain structure is weak and makes little contribution to stiffness except, 
perhaps, at low stresses, and that the softening of rubber by applied stress is 
due almost entirely to rupture of carbon-rubber bonds and cannot be explained 
by breakdown of secondary chain structure. 


RECOVERY OF STIFFNESS WITH STANDING AND HEATING 


Mullins' has reported some recovery of stiffness with heating following the 
application of stress, and the present authors have obtained results which indi- 
aS 


cate a limited recovery. In Figure 21 G is plotted against Gi for rubber con- 


taining MPC black and tested in the manner described in the previous para- 
TABLE X 
HAF Brack VULCANIZATES 


Extension Electrical resistivity 
Modulus G factor u (ohm-em.) 
A A. A. 


Stressed 
120 kg. / 
sq. em. 
and 
Normal heated Normal 


0.037 
0.034 
0.022 
0.016 


graph. Since the graph for the test-pieces which have been stressed 120 kg. per 
sq. em. and heated is not a horizontal line, it would seem that a limited number 
of linkages have been formed and then broken by subsequent prestresses in the 
range 30 to 120 kg. persq.cm. For the HAF black, there is also evidence of an 
appreciable recovery of stiffness in the heated test-pieces. This is shown in 
Table X, which includes data on electrical resistivity. 

Electrical resistivity data obtained under the conditions of this experiment 
are variable and do not show any evidence of an increase in electrical resistivity 
with prestressing in the test-pieces which were initially stressed 120 kg. per sq. 
em. and heated. Since these test-pieces soften appreciably with applied stress, 
the unchanged electrical resistivity is further evidence that the softening of 
reinforced rubber under the conditions of these experiments is not due to break- 
down of secondary carbon chain structure. 


NATURE AND PROPERTIES OF LINKAGES IN 
RE#NFORCED RUBBER 


The application of Equations 17 and 19 has been facilitated by the discover y 
that K is the same, whatever the reinforcing filler. (Values of K obtained by 


Stressed Stressed 

Pre- 120 kg. / 120 kg. / 

stress sq. em. sq. em. es 

(kg. /sq. and and a 

em.) Normal heated heated ue 

30 8.73 8.21 0.253 — 2 X 105 107 ini 

50 8.52 8.07 0.104 8 x 10° 5 X 107 

70 7.94 8.05 0.055 4X 7 X 10° 

100 7027.17 107 K 108 

120 6.68 7.25 0.015 2 10° 3 X 10? 

140 «6.98 0.013 108 

160 6.36 0.007 = 2 x 108 
q 
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TaBLe XI 
VaLuges or K—Equation 16 


Type filler and compound K 
MPC black (26 parts by vol.) 0.282 
MPC black (heat-treated stock) 0.282 
HAF black (26 parts by vol.) 0.270 
Silene (26 parts by vol.) 0.272 
Magnesium carbonate (26 parts by vol.) 0.272 
P-33 black (36 parts by vol.) 0.290 


applying Equation 16 are shown in Table XI.) This means that the proportion 


G of readily breakable linkages with any particular strength, X, is the same 


for all fillers tested. This striking result is not unexpected if the breakable 
linkages are interpreted as arising purely from physical adsorption of rubber 
molecules on the surface of the particles. It supports previous conclusions 
that the mechanism of softening is the same for each filler and is due to rupture 
of attachments between filler and rubber rather than to breakage of chain 
structure. 

To facilitate calculations of F(X), graphs of F(X) against X were drawn 
taking the mean K = 0.276 from Table XI so that F(X) could be read from the 
graphs. According to Equation 17 a plot of G against F(X) should give a 
straight line of slope G, and intercept G*. Figures 22, 23, and 24 show the 
results which were obtained. 

Since K is the same for all fillers the two quantities G* and G, obtained from 
these figures form a fairly complete description of the linkages present in the 
reinforced rubber. To give a more or less complete comparison of the stress- 
strain properties, however, it would be necessary to include yu, and this has not 
been attempted here. Table XII shows the values of G* and G, obtained in 
these experiments with the total G* and G,. In this table G*, representing the 
strong linkages unbroken by stressing, includes of course the linkages due to 
vulcanization. Bearing this in mind, it will be appreciated that only a rela- 
tively small number of strong carbon-rubber linkages are present, but that 
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Fig, 22.—Relation between modulus and F(X) for rubber containing 26 
parts by volume of MPC black. 
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these are responsible for a marked stiffening of the rubber at high extensions. 
This confirms conclusions reached in an earlier paper* and is illustrated by the 
increase in uw, due to these strong linkages, which becomes very important at 
high extensions when the factor (a — 1)‘ in the term u(a@ — 1)* becomes large 
(Equation 10). Although the proportions of readily breakable linkages having 
various strengths is the same whatever the filler, i.e., K is constant—the values 
of G, in the table show wide differences in the number of readily breakable 
linkages present in the rubber before stress is applied. 

The distinction between G* and G, is evidence that two types of linkage are 
present in reinforced rubber. The strong linkages responsible for G* do not 
form part of the frequency distribution for the other linkages, and whereas the 
strong linkages are increased by heat treatment, the latter are reduced by it. 
This appears to be a clear demonstration that carbon black is responsible for 
two different types of linkage in reinforced rubber, and that this phenomenon 


Fig. 23.—Relation between modulus and F(X) for rubber 
containing 26 parts by volume of various fillers. 


is particularly noteworthy with HAF black and with heat-treated rubber con- 
taining channel black. However, it is necessary to examine the possibility 
that the much greater number of strong linkages in heat-treated rubber and in 
rubber containing HAF black is due to chemical cross-linking between rubber 
molecules rather than to chemisorptive ‘‘cross-linking” through carbon parti- 
cles. There is also the effect of carbon chain structure to be considered. 

The high value of G* for heat-treated rubber containing channel black can- 
not be explained by increased chain structure. In fact, the treatment increases 
the electrical resistivity from about 10° to 10 ohm-em., indicating that little 
primary or secondary chain structure remains. The increase in G* takes place 
in spite of rather than because of changes in chain structure. It is equally im- 
possible to explain the increase in G* by direct chemical cross-linking between 
rubber molecules. <A high-extension factor relative to modulus is characteris- 
tic of cross-linking by carbon particles (Table II), and this is. presumably be- 
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cause the cross-linking is by means of relatively large particles consisting of 
more than a few atoms. The heat treatment has increased the strong linkages, 
while greatly reducing the number of low and moderate strength linkages 
formed by carbon-rubber attachments. Hence if the increase in G* is due to 
chemical cross-linking other than to linkages through carbon particles, the 


6, = 3:68 
G = 


Fig. 24.—Relation between modulus and F(X) for rubber 
containing 36 parts by volume of P-33 black. 


extension factor should be greatly reduced by heat treatment. Figure 17 and 
Table IV show that this is not the case. In view of these considerations, it 
seems necessary to conclude that the increase in G* due to heat treatment is 
caused by an increase in chemisorptive linkages through earbon particles 
formed at the expense of physical attachments. Such linkages would explain 


TaBLeE XII 


VaLues or G* G, 


Modulus 
(G,) 


Modulus due to 
(G*) low and 


due to moderate 
strong strength Total 
Type of filler and compound linkages linkages (G* + G,) 


HAF black (26 parts by vol.) 5.43 3.65 
MPC black (26 parts by vol.) 4.50 

MPC black (heat-treated stock) 5.6 

Silene (26 parts by vol.) 3. 

Magnesium carbonate (26 parts by 


vol.) 
P-33 black (36 parts by vol.) 


the enormous increase in electrical resistivity which occurs during remilling of 
heat-treated stocks, since they would increase the forces developed during 
milling and hence cause breakage of carbon chain structure. This view is 
supported by recent unpublished work by the authors, which shows that a small 
quantity of sulfur in the heated stock leads to large increases in resistivity on 
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remilling after heating at temperatures and for times of heating which would 
otherwise have little effect. In this case the stock would be stiffened by a 
small number of vulcanization cross-links, and this would increase the forces 
developed during remilling. 

Rubber containing HAF black shows little response to heat treatment 
(Table VI), except in electrical resistivity, which increases from about 10* to 
10* to about 10’ to 10° ohm-em. This lack of response may be partly due to 
reduced primary chain structure counterbalancing increased numbers of strong 
carbon-rubber attachments. One difference between MPC and HAF blacks is 
the lower volatile content of the latter, and it may be that the lower suscepti- 
bility of HAF blacks to heat treatment is associated with this difference. 
Table XII shows that G* for untreated rubber containing HAF black is as large 
as for the heat-treated MPC black stock. This large value is partly due to the 
greater degree of primary chain structure shown by the HAF black and the 
effect this will have of the number of linkages formed by carbon-rubber at- 
tachments. The high extension factors characteristic of cross-linking by 
carbon particles are also obtained for the HAF black, as shown in Table VIII. 
This indicates that the linkages responsible for the large value of G* are formed 
through carbon particles or chains of carbon particles. Since these linkages 
do not form part of the strength distribution for the weaker linkages, it would 
seem that they also are the result of chemisorptive attachments. It appears 
that chemisorptive linkages form without a special heat treatment more 
readily with HAF than MPC black. 


SIGNIFICANCE OF LINKAGES IN RELATION TO REINFORCEMENT 


There is a wealth of information in the stress-strain curves of reinforced 
rubber, of which ‘“‘modulus” as generally defined by the rubber technologist 
takes no account. The actual contribution to the experimentally measured 
stiffness of the linkages represented by G,, in Table XII depends on the stress 
applied and generally is considerable. (Indentation measurements which in- 
volve only low stresses are particularly affected by G,, and this explains why 
heat-treated rubber is softer as judged by indentation.) If, however, the rub- 
ber is stretched until a tensile break occurs, all these linkages will have been 
broken during extension and so cannot contribute to tensile strength. On the 
other hand the strong linkages represented by G* are likely to play a part in 
determining tensile strength. Some support for this view may be found in 
Table XII, which shows that G* is low for the nonblack fillers and much higher 
for the fine particle size HAF and MPC blacks than it is for rubber containing a 
considerably greater volume of the comparatively large particle size P-33 black. 
However, the large increase in G* in MPC vulcanizates following heat treat- 
ment is not accompanied by an increase in tensile strength, and the HAF black 
stocks with a high value of G* have tensile strength no higher than those of 
MPC stocks. Therefore, other factors of importance in determining tensile 
strength are variables in these experiments or tensile strength tends to become 
independent of the number of strong linkages as the number of these linkages 
increases. 

There is also some correlation between the strong linkages as represented 
by G*.and reinforcement as judged by abrasion resistance. For instance, 
abrasion resistance with nonblack fillers and with P-33 is known to be low when 
compared to MPC, and it is lower for MPC than for HAF black. An anomaly 
is again noticed with heat treatment which causes only a small increase in 
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abrasion resistance compared with a large increase in G*. This apparently 
anomalous behavior may be at least partly accounted for by failure to take G, 
into account. Unlike tensile strength is is quite possible that abrasive wear is 
affected by the low and moderate strength linkages responsible for G,. If this 
is true, abrasion resistance should be influenced by prestressing the rubber 
before it is tested. Tests carried out on the Dunlop constant energy abrasion 
machine? indicated that the abrasion resistance of a vulcanizate containing 50 
parts by weight of VFF (Statex K) black was reduced about 20 per cent by a 
250 per cent prestretch. Subsequently experiments gave results (Figure 25) 
which show that considerable reduction in abrasion resistance, amounting to 
30 per cent may be obtained by prestressing. Unlike the graphs showing the 
variation of G with prestress, these curves show no tendency to flatten as the 
prestress increases. This can be readily explained as follows. In contrast 
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Fie. 25.—Influence of prestress on abrasion resistance. 


with G, which clearly depends on the number of unbroken linkages and is 
independent of their strength (the margin by which they have escaped rupture 
is immaterial), abrasion resistance depends on both the strength and number of 
linkages. Hence, although the number of linkages broken at the higher pre- 
stresses is relatively small, the contribution which such linkages make individu- 
ally to the abrasion resistance is relatively large (Figure 25), and the rate of 
diminution of abrasion resistance with applied stress does not decrease as the 
stress increases. The abrasion resistance appears to diminish more rapidly 
with applied stress in furnace blacks (curves 1 and 2) than it does for the channel 
blacks (curves 3 and 4). This is puzzling in view of the fact that F(X) in 
Equation 17 is independent of the reinforcing filler. An interesting possibility 
which would tend to explain this is that good abrasion resistance may require 
a multitude of fine particles firmly attached to the rubber, and that the forma- 
tion of linkages between rubber molecules is incidental but not essential to 
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improved abrasion resistance. If this is so, a contribution to abrasion resist- 
ance may be made by those particles or chains of particles which have only one 

_firm attachment to the rubber and do not form a linkage (Figure 11). Such 
attachments make little contribution to the stiffness and are not so readily 
broken by applied stress. In order to explain Figure 25 it could, therefore, be 
argued that, owing to the slightly larger particle size and considerably greater 
degree of primary chain structure of the furnace blacks, a higher proportion of 
the physical attachments contributing to abrasion resistance form cross-link- 
ages between rubber molecules and so may be readily broken by applied stress. 
The proportion of attachments which form cross-linkages increases with increas- 
ing particle size and primary chain structure because the surface area of the 
coherent units is then increasing, and this increases the probability of formation 
of the two or more attachments to any one unit necessary for the formation of 
a cross-linkage. 

It appears that the low and moderate strength linkages represented by G, 
make a contribution to abrasion resistance which cannot be ignored. It fol- 
lows that one reason why the large increase in G* due to heat treatment of rub- 
ber-channel black stocks (Table XII) does not lead to a correspondingly large 
increase in abrasion resistance may be found in the drastic reduction in G, which 
accompanies this treatment. On the other hand, Table VII shows that G* is 
considerably higher for HAF than for MPC black and G, is less, but only 
slightly so. Hence it is not surprising that in this case markedly superior 
abrasion resistance is obtained. 


GENERAL CONCLUSIONS 


The results of this investigation strongly support previous conclusions by 
the authors? that the softening of reinforced rubber when it is stressed to 
moderate extensions owes little to breakdown of filler chain structure and is due 
primarily to rupture of attachments between the filler and the rubber molecules. 
This means that the stiffness of reinforced rubber is influenced greatly by the 
mode of attachment of filler to rubber, and the conclusion reached is that such 
stiffening by finely divided fillers is largely a consequence of linkages between 
rubber molecules formed through the filler particles by rubber-filler bonds and 
assisted by the presence of coherent chain structure of the filler particles them- 
selves. The work further suggests that the linkages formed through carbon 
particles are of two kinds: one a relatively weak type linkage due to physical 
(van der Waals) attachments, the other a strong type linkage due to chemisorp- 
tive attachments which remain unbroken by stressing. The strong linkages 
are relatively few and have not been found with fillers other than carbon black, 
but the strength distribution of the weaker type does not depend on the 
chemical nature or type of filler, although differences are found in the total 
number of such relatively weak attachments. 

The weak linkages are substantially all broken in the course of stressing to 
high elongations and the stiffening at the highest elongations is a consequence 
of the relatively small number of strong linkages. It is to be expected that 
among the fully reinforcing carbon blacks, where the particle sizes of the differ- 
ent types are roughly equivalent, those providing the greatest number of strong 
linkages will have the greatest reinforcing ability, and it may be significant in 
this connection that HAF black vulcanizates are recognized to have better 
abrasion resistance than MPC vulcanizates, in keeping with a larger number of 
strong linkages. 
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CARBON BLACK DISPERSION AND 
REINFORCEMENT * 


E. M. DANNENBERG 


Researcu DeveLopmMentT Department, Goprrey L. Caror, Inc., Boston, Mass. 


The most generally recognized characteristic of a good reinforcing filler for 
rubber is small particle size. In the case of carbon blacks, numerous investiga- 
tors have shown that reinforcement is enhanced as particle size decreases. As 
particle size cannot influence reinforcement unless the filler particles are dis- 
persed or substantially wetted by the rubber matrix, it is necessary to investi- 
gate the importance of these factors. 

Three possibilities exist as to the mode of dispersion of the filler in the rubber 
matrix. A most unlikely condition is conceivable, in which an ideal dispersion 
is obtained and each individual particle is separated from every other particle 
by a film of rubber. A second possibility is that aggregates of carbon black 
particles are present in the rubber and their size is proportional to the size of 
the individual particles. This would have to follow from the proved relation- 
ship of particle size to reinforcement. A third possibility is that the dominant 
factor in reinforcement is the extent of interfacial surface developed between 
the filler and the rubber phase. In this case, a highly aggregated and floccu- 
lated condition of the filler is not untenable with extensive development of 
interfacial surface. The correlation between particle size and reinforcement 
would be due to the direct relation between surface area and particle size. 

A mechanistic explanation of the reinforcement phenomenon must be based 
on an understanding of the morphology of the carbon black-rubber system. 
This study has attempted to determine to what extent changes in the degree of 
dispersion are reflected in reinforcement, and the minimum degree of dispersion 
necessary for its development. 

A single sample of a high-abrasion furnace black (HAF) was selected and 
used for preparing dispersion series in a variety of elastomers including ‘‘cold”’ 
GR-S, natural rubber, Butyl rubber, nitrile rubber, and Neoprene. A disper- 
sion series containing easy-processing channel black (EPC) in cold GR-S was 
also studied. The recipes used for all the elastomers and the time and tempera- 
ture of optimum cure are listed in Table I. 


HAF BLACK-COLD GR-S DISPERSION SERIES 


The results of the cold GR-S dispersion study are presented in some detail, 
followed by a discussion of the results of the studies in the other elastomers. 

A laboratory Banbury was used to incorporate the black in the rubber, and 
the amount of mixing in the Banbury and subsequent roll-milling was adjusted 
to obtain various degrees of dispersion. The poorest dispersions were prepared 
by masticating the rubber and incorporating all the ingredients except the black 


* Reprinted from Industrial and Engineering CRemiet. Vol. 44, No. 4, pages 813-818, April 1952. 


This paper was presented before the Division of Rubber Chemistry of the American Chemical iety at 
the Diamond Jubilee Meeting of the Society, New York, N. Y., September 4-7, 1951. 
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in the Banbury; stopping the Banbury to add all the black; starting it again 
and lowering the ram as rapidly as possible; and dumping the batch as soon as 
the power consumption reached its maximum, indicating full incorporation. 
The minimum time necessary to incorporate the black was only 30 seconds in 
the case of cold GR-S and 50 parts of HAF. 

The stock was passed once through a 12-inch roll mill to sheet it for curing. 
This stock was rough and dull in appearance, lacked green strength, and pieces 


TABLE 


REcIPES 


Cold rubber Natural rubber 


GR-S (X 558) 100 Smoked-sheet 100 
Vulcan-3 (HAF) or 


EPC black 50 Vulcan-3 (HAF) 50 
Zine oxitle 3 Zinc oxide 5 
Stearic acid 1.5 Stearic acid 3 
Agerite Hipar 1 Pine tar 3 
Paraflux 5 Agerite Hipar 1 
Circosol Sulfur 2.8 
Sulfur 1.75 Captax 0.5 
Santocure* 1.25 


45 minutes at 292° F 60 minutes at 280° F 


1.35 parts Santocure for EPC. 


Butyl rubber Nitrile rubber 


GR-I-15 100 Hycar OR-25 EP 100 
Polyac 0.3 Vulean-3 (HAF) 50 
Vulecan-3 (HAF) 50 Zine ozide 5 

‘ Zine oxide 5 Stearic acid 1.5 

E Stearic acid 0.5 Cumar P-25 10 

j Petrolatum 1.0 Dibutyl phthalate 10 
Paraffin 1.0 Sulfur 2 
Sulfur 2.0 Altax 1.5 
Captax 0.5 


Methyl Tuads 0.75 45 minutes at 307° F 


20 minutes at 300° F 


Neoy yrene 


Neoprene GN-A 100 
Vulean-3 (HAF) 40 
Zine oxide 5 
ZLC magnesia 4.22 


Stearic acid 0 
Neozone-D 1 
Permalux 0. 
Accelerator-552 0. 


10 minutes at 307° F 


of unwetted black could easily be seen. Better dispersed vulcanizates were 
prepared by increasing the Banbury mixing times and rotor speeds. Heat 
treatment of cold GR-S black mixtures followed by remilling according to the 
well-known process of Gerke, Ganzhorn, Smallwood, and Howland! was also 
used in an attempt to prepare the best dispersions. In this case a black master- 
batch of carbon black and rubber was prepared by Banbury mixing. The black 
masterbatch was heated in an oven for 1 hour at 170° C, allowed to age over- 
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TABLE II 
HAF-Cotp GR-S Mrxinc Procepvures 


Maxi- 

Black mum 
Banbury mixing Banbury 
speed time temp. ; 
(r.p.m.) (min. ) (°F) Milling Remilling 
1 pass None 
1 pass None 
1 pass None 
1 pass None 
5 min. 5 min. 
5 min. None 


too 
on 


5 min. None 


1 pass 10 min. 


EN OS 


@ Heat treated for 1 hour at 170° C. 


night at room temperature, and remilled for 10 minutes, during which time the 
remaining ingredients were incorporated. 

The mixing conditions of significance to this study are shown in Table IT 
for the cold GR-S-HAF stocks. The stocks are listed in the order of increasing 
degree of mixing. 

Table III lists the Mooney viscosities and stress-strain properties obtained 
at the optimum cure for this series of mixings. 

An examination of the data for mixes 1 and 2 reveals the striking change in 
Mooney viscosity, tensile, hardness, and breaking elongation obtained by in- 
creasing the black mixing time from 30 seconds for mix | to 75 seconds for mix 2. 
The poor distribution of black in mix 1 and the presence of large lumps and 
aggregates are responsible for its low degree of reinforcement. The large 
change in Mooney viscosity with increased mixing shown by mixes 1, 2, and 3 
probably results from the elimination of the high frictional resistance of con- 
tacting carbon aggregates. Negligible changes in Mooney viscosity, tensile 
strength, elongation, hardness, and modulus were found with increased mixing 
represented by mixes 3, 4, and 5. Mixes 6, 7, and 8 are characterized by the 
usual properties accompanying the development of high mixing temperatures. 
These effects are due to thermal changes in the base rubber, probably cross- 


TaB_e III 


HAF-Co._p GR-S Rusper PROPERTIES 


Com- 
pounded 
Mooney 
viscosity 300% Tensile Hard- 
(ML, Modulus, strength Elonga- ness 
4 min. / Ib. /sq. (Ib. /sq. i (Shore 
i inch) A2) 


1820 77 
3450 69 
3900 67 
3820 68 
3840 68 
3760 68 
3140 : 67 
3230 67 


Mix 
no. 
1 
2 
‘ 
3 
4 
5 
6 
I 
| 
Mix 
no. 
1 117 1630 
2 98 1600 eo 
3 76 1740 
4 72 1710 ae 
5 75 1600 ee 
6 74 1900 a 
7 69 3140 i. 
8 62 2200 
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linking, chain scission, and the formation of carbon gel, which causes a rise in 
modulus, a drop in tensile strength and shorter breaking elongations. The 
modulus changes are insignificant as long as the temperature of mixing is not 
excessive. As a profound change in dispersion undoubtedly occurred over the 
entire range of mixing conditions, it is evident that static modulus is not sensi- 
tive to this factor. Also, it is apparent from the tensile data shown in Table III 
and the abrasion data in Table IV that modulus is independent of the reinforce- 
ment of these properties. 

Table IV shows that the tear strength follows the same trends as tensile. 
Rebound and torsional hysteresis rapidly respond to increased mixing because 
of the reduction in carbon-carbon frictional losses as the dispersion is improved. 
Energy losses remain fairly constant for mixes 4, 5, and 6, and no large differ- 
ences in dispersion can be inferred from these data. Mixes 7 and 8 show re- 
duced energy losses, reflecting either or both the modulus increase discussed 
previously or a higher degree of dispersion. The angle-abrasion results are 
most striking. Except for mix 1, which was characterized by a most inferior 
dispersion, there was no real change in abrasion reinforcement over the remain- 
ing range of mixing conditions. It would almost seem that merely the incorpo- 


TaBLe IV 
HAF-Co_p GR-S RusBer PROPERTIES 


Torsional Angle Electrical 

Tear hysteresis abrasion resistance 

strength Rebound (K log (ec. loss / (megohm- 
(Ib. /inch) (% R.E.) decrement) 108 rev.) 


54.8 0.284 
57.9 0.174 
59.4 0.150 
60.2 0.138 
60.2 0.137 
60.5 0.124 
62.0 0.106 
62.5 0.094 


ration and wetting of the black by the rubber phase during mixing are necessary 
for the full development of abrasion reinforcement. Additional mixing prob- 
ably causes a more uniform distribution of the black aggregates throughout 
the rubber matrix, without any essential change in the size of the aggregates. 

The electrical resistivity data in Table IV show the extreme sensitivity of 
this property to mixing variations. The same formulation in this case can 
give highly conducting vulcanizates if the mastication of the raw compounded 
stock is minimized, and on the other hand, give good insulating vulcanizates if 
high temperature mixing or black masterbatch heat treatment is employed. A 
popular explanation for the electrical conductive behavior of carbon black- 
loaded vulcanizates is that there are present through-going continuous or con- 
tacting chains of carbon black which act as conducting paths®. Assuming this 
simple explanation, a decrease of electrical conductivity must result as dis- 
persion improves and the conducting chains of black are broken. On this 
basis, the electrical resistance data indicate changes in dispersion with increased 
mixing. Recent work of Roth and McKinney’ of the National Bureau of 
Standards on electrical conductivity of carbon black-loaded vulcanizates has 
demonstrated that conductivity in cold GR-S is markedly influenced by the 
state of vulcanization, improving with increasing curative levels. These facts 


no. 

213 742 0.0003 

2 265 217 0.007 
ee ; 3 239 201 0.022 
ee 4 260 210 0.073 
 - 5 271 209 0.11 

— 6 251 207 0.86 

> 7 204 218 11,000 

8 199 217 > 60,000 
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are incompatible with the explanation of carbon black flocculation during cure, 
for flocculation should be retarded as the rubber matrix becomes more rigid as 
the cure proceeds, resulting in the opposite effect of decreasing conductivity with 
increasing curative levels. The analogous behavior of conductivity and strain 
data also suggests that the process of vulcanization has an important effect on 
both these properties. Perhaps the electrical characteristics of the rubber 
matrix and its interfacial contact with the carbon black surfaces also change 
during vulcanization. At least it is certain that the electrical conductivity of 
cold GR-S earbon black-loaded vulcanizates is a complex property which can- 
not be explained satisfactorily by assuming the presence of continuous paths of 
carbon. 


MEASUREMENT OF CARBON BLACK DISPERSION 


The electrical conductive and hysteresis properties of carbon black stocks 
‘an be used to rate the degree of dispersion in a relative and qualitative manner 
if the secondary factors influencing these properties are given consideration. 
A direct method of measuring dispersion is badly needed in order to establish 
a sound physical picture of the carbon black-rubber system on which to base 
the theories and assumptions necessary for an explanation of reinforcing action. 
Direct observation of microtomed rubber sections with the electron microscope 
has not been very successful because of the difficulty in obtaining specimens thin 
enough to give good resolution. Another method of judging the dispersion of 
‘arbon black in rubber is to dissolve the stock in a solvent and measure the 
amount of light transmitted at a given concentration of black'!. The solution 
of a rubber stock containing normal reinforcing loadings of black is extremely 
difficult, particularly if high temperatures or agitation are to be avoided so that 
the degree of aggregation of the black in the stock is not disturbed. Even with 
these precautions, the processes of swelling and solution may conceivably exert 
a dispersing action on the carbon black aggregates. The cold GR-S stocks 
described above were examined carefully by both a light transmittance method 
and electron microscope examination of films deposited from the same solutions 
used for the light transmittance measurements. 

A number of difficulties had to be resolved before a satisfactory diluted and 
stable suspension of the original stock could be prepared for light transmittance 
measurements. Natural rubber or GR-S containing 50 parts of a good rein- 
forcing black does not completely dissolve when immersed in benzene. A resi- 
due consisting of a swollen carbon black-rubber gel containing all of the black 
must be peptized to form a stable suspension. This can be partially achieved 
by heating and agitating the stock in a high boiling solvent. Such a procedure 
is far from satisfactory, and seriously limits the reliability of light transmittance 
methods. 

The major objections to this procedure can be eliminated by using a 0.05 
per cent solution of benzoyl peroxide in benzene as the solvent. No heating or 
agitation is required to peptize the gel and obtain a stable and well dispersed 
system. Systems containing 0.10 per cent of black were easily prepared from 
natural rubber or GR-S stocks by adding 100 cc. of 0.05 per cent benzoyl! per- 
oxide to the rubber stock and allowing the mixture to age for 24 hours at room 
temperature in the same type of extraction apparatus used for gel or bound rub- 
ber determinations. The 0.10 per cent black suspensions were too concen- 
trated for light transmittance measurements and had to be diluted to 0.001 
percent. At this extreme dilution serious flocculation occurred, making it im- 
possible to obtain reliable light transmittance values. In order to stabilize this 
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extreme black dilution, it was necessary to make the final dilution in a 0.2 per 
cent solution of the base rubber, and to use this same solution as the blank for 
determining the change in light transmittance caused by the carbon black. 
Thus, peptization of the black-rubber mix and stabilization of the final black 
dilution made it possible to study the effect of mixing on dispersion. A Beck- 
man spectrophotometer, Model DU, was used to measure the light transmit- 
tance of the various suspensions. Table V lists the data obtained on the cold 
GR-S stocks whose preparation and rubber properties were described above. 
These data indicate a very poor dispersion for mix 1, an intermediate state 
for mix 2, and a maximum state of dispersion for mixes 3 to 8. The maximum 
degree of dispersion is, therefore, rapidly achieved during Banbury mixing, as is 
evident from the large change in going from mix 1 to mix 2. The difference in 
mixing time between these stocks is only 45 seconds. The leveling off in light 
transmittance with mix 3 coincides with the development of full reinforcement 
in rubber properties. The fact that such large differences in aggregate size 
are at all evident after solution of the rubber stocks proves that the swelling and 
solution processes have at most a limited peptizing action. If this were not 
the case, the differences in aggregate size as judged from light transmittance 
would have been negligible. 


TABLE V 
GR-S Licut TRANSMITTANCE 


' % Transmittance 


Mix no. 


Electron microscope examination of films cast from the dissolved stocks con- 
firm the light transmittance results. Micrographs of the cast films shown in 
Figures 1 through 5 illustrate the poor dispersion of mix 1, and the more or less 
similar agglomerate size for mixes 2, 3, 7, and 8. The stock which had the 
greatest amount of mixing, mix 8, shows the presence of large agglomerates and 
stable aggregates. The stable aggregates can be differentiated from the looser 
agglomerates because of a characteristic peculiarity of the type of aggregation 
observed for oil-type furnace blacks. Electron micrographs of oil blacks al- 
ways show chain-like aggregates built up from units of the same size, never a 
chain of particles consisting of a mixture of individual sizes. The fact that 
groupings of uniform particle size are clearly observable after incorporation in 
rubber and dissolving of the stocks is definite evidence that no dispersion of 
these stable aggregates has occurred, and that they have not been formed by 
flocculation after mixing with rubber. 


CHANNEL BLACK DISPERSION SERIES IN COLD GR-S 


The preceding study was repeated with easy-processing channel black re- 
placing the high abrasion furnace black. The mixing procedures are listed in 
Table VI, rubber properties in Tables VII and VIII, and the light transmittance 
values for 0.001 per cent black suspensions in Table IX. The rate of tensile 
strength development as mixing is increased, shown in Table VII, the gradual 
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Fig. 1.—Cast film specimens of mix"] (14,000 X). Vulcan 3fin?GR-S}( X558). 


Fig. 2.—Cast film specimens of mix 1 (14,000 X). Vulcan 3 in GR-S (558). 
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Fic. 3.—Cast film specimens of mix 3 (14,000). Vulean 3 in GR-S (558). 


Fic. 4.—Cast film specimens of mix 7 (14,000 X). Vulcan 3 in GR-S ( X558). 
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Fria. 5.—Cast film specimens of mix 8 (14,000 X). Vulcan 3 in GR-S ( X558). 


improvement in abrasion resistance, shown in Table VIII, and the somewhat 
slower approach to minimum light transmittance values, shown in Table IX 
compared to the results obtained in the HAF series, indicate the possipility 
that channel black is somewhat more difficult to disperse than HAF black. This 
has been suggested by Dannenberg, Jordan, and Stokes‘. Judging from tensile 
strength and abrasion results, it appears that these properties improve with 
increased mixing and begin to level off after 4 minutes of Banbury mixing with 


TaBie VI 
EPC-CoL_p GR-S Mrxine Procepure 


Maxi- 
Black mum 
Banbury mixing Banbury 
speed time temp. 
r.p.m. (min.) (°F) Milling Remilling 
0.33 188 1 pass None 
0.75 196 1 pass None 
.25 209 1 pass None 
218 1 pass None 
230 1 pass None 
238 1 pass None 
243 5 min. 5 min. 
263 1 pass None 


305 5 min. None 


106 305 None 10 min. 


@ Masterbatch heat treated for 1 hour at 170° C. 


@ ¥ 4 
fos 
Me 
+. 
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Mix 
no. 
2 
3 
4 
5 
6 
8 
113 at 
9 77 
130 
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Tasie VII 
EPC-CoL_p GR-S Russer Properties 


Com- 
pounded 
Mooney 
viscosity, 300% Tensile 
(ML, modulus, strength 
(Ib. /sq. 
inch) 


Tasie VIII 
EPC-Co_tp GR-S RusBer PROPERTIES ¢ 
Angle Electrical 
Tear abrasion resistance 
strength Rebound (ec. moss / (megohm- 
(Ib. /inch) (% R.E) decrement) 10 rev.) 
0.321 
0.283 
0.287 
0.296 
0.274 
0.264 
0.250 
0.249 
0.150 
0.107 


1.35 parts Santocure. 
TaBLe IX 
EPC-Co.Lp GR-S SERIES 


% transmittance 


Mix no. 


35.3 


the HAF stocks and 8 minutes with the EPC stocks. However, in both cases, 
by far the major reinforcing effect is obtained after only 1.25 minutes of Ban- 
bury mixing. 

The performance of the channel black stocks differed from that of the HAF 
stocks under conditions of high-speed, high-temperature Banbury mixing, and 
heat-tempering of the masterbatches. In the case of the HAF stocks, a drop 


852 
Hard- 
Elonga- ness 
ear Mix tion (Shore 
no. (%) A2) 
108 940 1310 380 75 
se 2 98 1040 2460 550 73 
3 92 1040 3320 650 70 
eh 4 86 1120 3440 640 69 
cage 5 78 1020 3350 640 67 
eee 6 73 1140 3800 660 68 
noe 7 69 940 3700 670 67 
mee fa 73 1240 3670 600 66 
i 69 1480 4140 570 66 
a 10 68 1550 4330 550 66 
Mix 
2 
3 
6 
8 
= 9 
10 
| 
4000 A. 5000 A. 6000 A. 
— 1 73.2 86.2 90.2 
rae ; 2 52.5 64.3 69.8 
a 3 47.0 53.0 59.2 
eae. 5 28.2 37.0 45.9 
e 6 29.6 37.2 44.5 
7 29.5 46.2 
8 27.6 36.1 
9 28.4 45. 
10 26.9 44.5 
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in tensile strength and no appreciable improvement in abrasion resistance were 
obtained, whereas the EPC stocks gave improved tensile and abrasion proper- 
ties. The trends of other properties in the EPC series were similar to those ob- 
served for the HAF series. 


MIXING VARIATIONS IN NATURAL RUBBER 


The response to variations in mixing of a natural-rubber tread compound 
containing 50 parts of HAF black was studied, following the same techniques 
used for cold GR-S. Table X shows the mixing procedures used, and Tables 
XI and XII list the rubber properties for the various stocks. High-speed Ban- 
bury mixing caused the development of high temperatures, which had a strik- 
ing influence on rubber properties. Mixes 1, 2, and 3 have essentially the same 


TABLE X 
NATURAL RuBBER MIxInG PROCEDURES 


Black Maxi- 

mixing mum 
Banbury time Banbury 
speed (min.) temp. 
(r.p.m.) Milling Remilling 
1 pass None 
1 pass None 
5 min. 5 min. 
3 min. None 


— 


3 min. None 


7 min. 5 min. 


4 
4 
2 
4 
2 
4 
2 
4 


* Additional 1-hour heat treatment at 170° C. 


TaBLe XI 


NATURAL RUBBER PROPERTIES 


Tensile Hard- Torsional Perma- 
strength Elonga- nese hysteresis nent set 
(Ib. /sq. i (Shore Rebound (K log 60-min. 
inch) A2) (% R.E.) decrement) cure 
69 x 0.196 
68 0.164 
66 0.152 
64 A 0.083 
63 0.073 
63 2 0.082 


TaBLe XII 
NATURAL RUBBER PROPERTIES 


Electrical Angle 

resistance Abrasion, Tear 

(megohm- (ec. loss / strength 
10 rev.) (Ib. /inch) 


Mix 
no, 
2 
3 : 
4 
116 a 
5 77 355 
131 
6+ 77 260 
131 
300% 
modulus 
Mix (Ib. /sq. ao 
no. inch) 
1 2170 
2 2220 
3 2100 
4 2460 
5 2550 
6 
De Mattia 
Mix (ke. to ees 
1 <0.002 354 613 125 ae 
2 <0.002 327 636 275 Pe 
3 <0.002 328 281 490 a 
4 0.77 273 166 500 Te 
5 17 274 156 520 r 
6 4 263 152 75 BS. 
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rubber properties and indicate that a really poor dispersion of carbon black in 
natural rubber could not be prepared. This is most unexpected, considering 
the fact that mix 1 had a total mixing time of slightly over 1 minute, which was 
the minimum time required barely to incorporate the black in the rubber. 
High temperature mixing represented by mixes 4, 5, and 6 caused an increase 
in modulus, lower tensile strength, shorter breaking elongations, lower hard- 
ness, lower hysteresis losses, lower permanent set, increased abrasion resistance, 
lower tear strength, and a very large increase in electrical resistance. These 
changes have been attributed to improved dispersion of carbon black, thermal 
breakdown, oxidative cross-linking of the rubber, and the formation of a carbon 
black-rubber gel complex. Light transmittance measurements on solutions of 
the stocks indicate that no essential change in the size of the dispersed aggre- 
gates has occurred over this range of mixing conditions. 

These results indicate that changes in the rubber matrix are responsible for 
the effects produced by high-temperature mixing and heat treatment. 

It would seem from this study that the process of incorporation of carbon 
black in natural rubber is accompanied by a concurrent process of rapid wetting 
and distintegration of carbon aggregates. Once this has occurred, further mix- 
ing does not appear to have a significant effect on aggregate size. Electron 
microscope studies of the least and most energetic mixings have shown them to 
be almost identical. The definite difference in the visual appearance of the 
stocks prepared using these two extremes in mixing must be due to the presence 
of asmall percentage of the total black, since large lumps which do not seriously 
detract from the reinforcing function of black that is well incorporated. The 
electrical resistance change due to high-speed mixing is similar to results ob- 
tained in cold GR-S. 


BUTYL RUBBER MIXING STUDY 


The use of different mixing conditions for a GR-I-15 formulation containing 
50 parts of HAF black did not result in any appreciable changes in cured rubber 
properties. However, a noticeable decrease in Mooney viscosity is obtained 
with increasing amounts of mixing. In general, the results obtained parallel 
those in natural rubber, except that the exceptional thermal and oxidative 
stability of Butyl rubber prevented the changes due to high temperature mixing 
and heat treatment which were observed for natural rubber and cold GR-8. 


TaBLe XIII 
NITRILE RuBBER MIXING PROCEDURES 


Maxi- 
Gum roll Black mum 
mill® pre- Banbury mixing Banbury = 
Mixe mastication speed time temp. Milling Remilling 
no (min.) (r.p.m.) (min.) (° F) (min. ) (min.) 
1 25 7 1 240 None 1 
2 25 2 255 None 4g 
3 10 4 250 8 None 
4 10 2.5 275 8 5 
5 
1 
2; 


5D 10 5 335 None 5 


6 
* Mixes 1, 2, and 3 were fully compounded except for black and premasticated. For mixes 3, 4, and 5 


gum was premasticated before adding to Banbury. 
> Masterbatch heat treated 1 hour at 170° C before remill. 
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TaBLe XIV 
NITRILE RUBBER PROPERTIES 


Tensile Hard- Angle Electrical 
Elonga- ness abrasion strength resistance 
tion (Shore Rebound (ce. loss/ (lb. inch) (megohm- 

A2) (% R.E.) 10 rev.) 


50.7 
52.4 
51.6 
52.1 
51.5 


There is no real indication from the rubber properties that any substantial 
change in carbon black dispersion was effected by increased mixing. Consider- 
ing the extreme range of mixing conditions used in this study, it is again remark- 
able that essentially full reinforcement is developed by an amount of mixing 
which is just about capable of incorporating the carbon black. 

Tables XIII and XIV list the mixing schedules and rubber properties for 
the nitrile rubber study. 

Nitrile rubber loaded with 50 parts of HAF black shows a rapid tensile re- 
sponse with increased mixing, similar to the behavior of cold GR-S. Tensile 
strength would be expected to respond to dispersion changes in the case of nitrile 
rubber, as its pure-gum tensile properties are in the same class as GR-S. In 
other properties, nitrile rubber seems to be rather insensitive to mixing varia- 
tions. High-temperature mixing and heat treatment effect a very small change 
in properties, and it is this property of heat resistance which makes nitrile rub- 
ber such an outstanding industrial product. The large change in electrical 
resistance for mixes 4 and 5 is in itself of practical interest, but it does not indi- 
cate any change in reinforcement. 

The effect of mixing variations on the rubber properties of a Neoprene stock 
containing 40 parts of HAF black was investigated. The mixing conditions 
and rubber data obtained are shown in Tables XV and XVI. High-tempera- 
ture, high-speed Banbury mixing, and heat treatment which were used in the 
previous studies could not be employed with these Neoprene stocks because of 
scorching difficulties. For mixes 1, 2, 3, and 4, all ingredients except the black 
were incorporated during roll milling, and this base stock and the black were 
then Banbury-mixed for times ranging from 0.5 to 5 minutes. Mixes 4 and 5 
were Banbury-mixed for 5 minutes followed by remilling for 10 and 20 minutes, 
respectively. 

TaBLE XV 


NEOPRENE GN-A MIxinG PROCEDURES 


Premas- 
tication temp. 
(min.) in. ) Milling Remilling 
20° 1 pass None 
20" 2 passes None 
20° None 
20" None 
15° 10 min. 
15° 20 min. 
* Premastication on cold, tight mill used to incorporate all ingredients except black. . 
> All ingredients added except black and zine oxide. Zine oxide added on remill after aging 24 hours. 


modulus 

Mix (Ib. /sq. 

no. inch) a 

1 1690 1960 230 77 404 183 0.003 ae 

2 1680 2400 250 77 380 193 0.003 cee 
3 1930 2890 260 76 366 178 0.007 eae 

4 2010 3010 240 76 336 185 0.24 ae 

5 2070 2950 240 76 350 147 0.35 ae 

a 

Maxi- 

Black mum 
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The data shown in Table XVI are rather difficult to interpret because they 
are at variance with the results obtained in the previous studies. The effects 
associated with high-temperature mixing with the other rubbers, such as lower 
Mooney viscosity values, lower hardness, and lower tensile strength, were not 
obtained with this series of Neoprene stocks. The increase in viscosity with 
increased mastication is probably due to the tendency of Neoprene to cross- 
link or “set up”? on exposure to the elevated temperatures developed during 
mixing. Improved carbon black dispersion and increased mastication would 
normally have the opposite effect on viscosity. The cross-linking of Neoprene 
during processing has a different effect on rubber properties than the cbhinges 
usually associated with high-temperature mixing and heat treatment, because 
temperature conditions were low enough so that chain scission did not occur. 
In both cases, cross-linking causes an increase in stiffness. It is felt that in the 
case of Neoprene, the gradual improvements in tensile strength rebound, and 
abrasion with increased mixing are due to improvements in carbon black dis- 
persion. 


TaBLe XVI 


NEOPRENE GN-A PROPERTIES 


Com- 


pounded 
Mooney 
viscosity 300% Tensile Hard- Angle Electrical 
(ML4 modulus, strength Elonga- ness abrasion, resistance 
Mix min. / (Ib. /sq. (Ib. /sq. tion (Shore Rebound (cc. loss/ (megohm- 
no. 212° F) inch) inch) %) A2) (%R.E.) 10 rev.) cm.) 
1 87 2560 2730 310 81 59.4 501 <0.001 
: 2 85 2500 3300 390 80 59.7 440 <0.001 
3 97 2730 3800 410 80 61.8 407 <0.001 
4 >100 3200 3780 370 81 63.1 427 0.009 
5 99 3400 3980 350 7 66.2 = 0.023 
6 1 P 4 


Previous work by Dannenberg, Jordan, and Stokes‘ on the effect of cross- 
linking Butyl gum by heat treatment with Polyac prior to incorporating carbon 
t black has shown similar trends in rubber properties with increased Polyac cross- 
; linking. Definite improvements in carbon black dispersion were achieved by 
increasing the elasticity or nerve of the Butyl gum and thus providing greater 
shearing or grinding action. The slight cross-linking of Neoprene during pro- 
i longed mixing is apparently comparable to the Polyac heat treatment of Butyl 
rubber, and results in similar improvements in carbon black dispersion. This 
property of Neoprene makes it unique among the other rubbers, because it 
allows a continually improving dispersion as mixing progresses. The more un- 
yielding the carbon black aggregates become to further disintegration, the 
tougher the rubber matrix gets to do the job. 

The electrical resistivity data show the expected trend with improved dis- 
persion, but again it is questionable whether dispersion is the only factor in- 
volved. 


SUMMARY 


Different mixing conditions were employed to obtain vulcanizates, varying 
only in degree of carbon black dispersion, with natural and synthetic rubbers, 
using a single sample of a commercial grade HAF black. Light transmittance 
measurements on dilute solutions of dissolved unvulcanized stocks prepared by 
an improved technique were used to evaluate the size of carbon black aggre- 
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gates in cold GR-S and natural rubber stocks. Electron micrographs of films 
show the high degree of carbon black aggregation, even after prolonged mixing. 
A limiting degree of dispersion or a minimum aggregate size is obtained very 
rapidly as mixing is increased. Black incorporation and dispersion appear to 
take place simultaneously; a high degree of abrasion reinforcement was noted 
in most rubbers with mixing (less than 75 seconds) barely sufficient to incorpor- 
ate the black. Carbon blacks in general respond rapidly to mixing, and the 
chainlike aggregates characteristic of reinforcing carbon blacks observed under 
the electron microscope are practically unchanged after mixing with rubber. 
Dispersion of carbon blacks during mixing depends on the packing and coher- 
ence of their agglomerates resulting from such factors as surface oxidation and 
extent of mechanical bulk densification. There is some evidence that oil-type 
furnace blacks disperse more easily than channel blacks. A major cause of the 
disappointing abrasion reinforcement with most noncarbon pigments possessing 
extreme fineness may be the tendency for excessively strong aggregate binding 
and resulting large aggregates in rubber. A striking rise in electrical resistiv- 
ity was observed as the amount of mixing was increased. As the size of the 
aggregates did not change, the higher electrical resistivity cannot be explained 
by assuming better dispersion and breakdown of conductive carbon paths. 
Increased mixing might provide better distribution of the carbon aggregates in 
in the rubber matrix without change in size of aggregates. 
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SOME PROPERTIES OF BUTYL RUBBER- 
CARBON BLACK SYSTEMS* 


F. P. Forp anp A. M. GEssLER 


Esso Lanoratortes, STANDARD O1L DeveLopment Co., Linpen, N. J. 


The effect of varying milling conditions on several specific properties of 
Butyl rubber-carbon black systems has been discussed in a previous paper’. 
In that work, it was shown that changes in mill roll clearances had a pronounced 
effect on the dispersion of SRF furnace black in Butyl rubber. The differences 
in dispersion were observed by means of the electron microscope and by photo- 
metric and plastometric methods. The relative size of SRF black agglomer- 
ates in different compositions was compared by examination of dilute suspen- 
sions in a photometer. Electron micrographs (Figure 1) were prepared from 
similar suspensions. The bulk viscosity was determined on carbon black 
masterbatches with a parallel plate plastometer?. These data are summarized 
in Table I. 

A continuation of the study of these systems has brought forth new informa- 
tion on the relationship of carbon pigments to Butyl polymers. Such data 
have been obtained by more detailed photometric and plastometric measure- 
ments. These techniques revealed changes taking place in Butyl-SRF systems 


Fic. 1.—Electron micrographs of Butyl rubber-carbon black dispersions. 


A. 0.010-inch mill setting 
B. 0.021-inch mill setting 
C. 0.034-inch mill setting 
D. 0.059-inch mill setting 
E. 0.068-inch mill setting 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 819-824, April 1952. 
This paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 1951. 
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TABLE 


CaRBON BLAcK DISPERSIONS 
50 parts SRF in GR-I-15 
Light Average 
Mill trans- agglomerate 


setting mittance* size (X 
(inch) (%) (micron) poises ) 


20 0.17 
25 0.26 
57 . 0.35 
53 0.39 
0.070 60 0.46 
GR-I-15, not milled 
GR-I-15, milled 7 minutes, 0.010-inch setting 
GR-I-70, not milled 
0.0068°% solution. 


on exposure at different temperatures before vulcanization. The influence of 
vulcanizing conditions on the pigment habit of these systems was also investi- 
gated. In this work extensive use of electrical resistivity measurements was 
made. Viscosity tests on unvulcanized systems as well as conventional stress- 
strain measurements of the vulcanizates were also employed. 

Most of the present study was devoted to two systems—fine dispersions 
prepared on an 0.010-inch mill, and gross dispersions prepared on an 0.070-inch 
mill. The practical effect of dispersion differences obtained from such vari- 
ations in mixing conditions is illustrated in Figure 2. Analysis of changes 
taking place in such systems under a variety of conditions has led to the con- 
clusion that the existence of some form of association between polymer and 


pigments is quite probable. 


PHOTOMETRIC STUDIES 


The further study of SRF-Butyl rubber systems in the unvulcanized state 
was undertaken to investigate a certain apparent lack of reproducibility in the 
photometric test. It was discovered, for example, that the light transmittance 
values of suspensions of a given set of compounds, prepared at different times, 
were variable. At first it was thought that these differences were attributable 
to changes in solvent or in the technique used in the preparation of the suspen- 
sions. Chemical analysis of the solvents eliminated the first possibility. While 
it was determined that the time and vigor of agitation employed in making the 


Fic. 2.—Calendered Butyl compositions. 


A. Fine —- 0.010-inch mill setting 
B. Coarse dispersion, 0.070-inch mill setting 


: 
859 
« 
39.6 
47.9 
54S 
51.3 
69.2 
20.9 
19.2 
54.5 
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suspensions had some effect on their opacity, the observed differences could not 
be entirely accounted for in this way. A change in particle configuration or 
bound rubber content was suspected. A number of experiments were per- 
formed to investigate such possibilities. In each case a fine dispersion (0.010- 
inch mill setting) and a gross dispersion (0.070-inch mill setting) were made. 
Suspensions were prepared by weighing a 0.5-gram sample on an analytic 
balance. A quantity of solvent, equivalent to 50 cc. of solution per 0.5 gram 
of compound, was measured out in a buret. Either heptane or cyclohexane 
was used. Although cyclohexane is a more powerful solvent for Butyl, in 
dilute suspensions identical photometric readings were obtained with either 
solvent. The samples of compound and the solvent were placed in 2-ounce 
square transparent bottles with tight fitting screw-type plastic caps. The 
bottles were then placed on a slowly revolving wheel for approximately 16 
hours. The wheel had a maximum diameter of 13 inches and revolved ap- 
proximately once every 1.5 minutes. Under these conditions a freshly pre- 
pared Butyl-SRF dispersion gave uniform homogeneous suspensions. These 
1 per cent suspensions were carefully diluted to 0.01 per cent concentration, and 


AGED AT ROOM TEMP 


30) @ O10" MILL 
@ .O7O" MILL 

20-4 
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20 246 


62 6 
DAYS 


AGED AT 65°C. 


PER CENT LIGHT TRANSMISSION 


DAYS 


Fig. 3.—Drift in light transmittance of SRF-Butyl compounds. 


light transmittance values were obtained on the Diller colorimeter, using cali- 
brated test-tubes as the sample holder. In repeated tests, the fine dispersion 
gave a value of from 12 to 14 per cent light transmitted, while the gross disper- 
sion had readings of from 29 to 32 per cent light transmitted. Several different 
batches of such dispersions were allowed to age both at room temperature and 
at 65° C before being placed in suspension in cyclohexane. Readings were 
obtained on such samples at various exposure times. The results of several 
experiments are shown in Figure 3. It is evident that the large clumps of black 
in the coarse dispersion had undergone some change in their configuration on 
standing at room temperature. After several weeks it apparently has under- 
gone an improvement in dispersion. Actually this is not the case, as will be 
shown, but certainly some change has taken place. 

A more marked reaction evidently occurs at 65° C, as might be expected. 
The fine dispersion shows a relatively rapid increase in light transmittance 
value, while initially the gross dispersion undergoes a decrease in value. An 
explanation for this phenomenon is that bound rubber formation is taking 
place. In a fine dispersion this can occur immediately as soon as proper condi- 
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tions are provided, specifically increased temperature. A coarse dispersion, 
however, must first undergo some change in its configuration, so that subse- 
quent polymer “wetting” or insolubilization may take place. Hence, an initial 
increase in opacity of the dilute suspensions—decreased light transmittance— 
is explainable on the basis of a reduction in particle size. This decrease in 
size, then, permits bound rubber to form more readily. 

The evidence for bound rubber formation is sound enough, but as yet it has 
not been possible to place it on a quantitative basis for Butyl-SRF systems. 
As a Butyl-SRF compound ages it gradually develops signs of insolubility, 
whereas a fresh mixture yields a homogeneous suspension, in which discrete 
particles can be observed only microscopically. An aged composition produces 
coarse suspensions, in which large specks of composition are quite visible to 
the naked eye. These clumps are essentially insoluble and, in time, comprise 
the major portion of the suspensions. Under such conditions, photometric 
analysis becomes quite inaccurate and of little value in the study of such 
phenomena. 

Determination of the bound rubber content of Butyl-SRF systems might 
be made by other methods. Diffusion methods employing dialysis sacs made 


Taste II 


Errect oF AGING ON VISCOSITY 
Viscosity X poises 


Aging conditions 0.010-inch mill 0.070-inch mill 

Original 43.1 72.0 
16 hr. at 65° C 42.3 76.3 
48 hr. at 65° C — 73.4 
92 hr. at 65° C 50.7 79.8 
116 hr. at 65° C 52.6 86.4 
7 days at 65° C 53.7 85.5 

9 days at 65° C 53.2 — 
20 days at 65° C 54.0 85.2 
5 wks. at room temp. 48.4 80.4 
8 wks. at room temp. 47.1 80.4 


of pure-gum Butyl vuleanizates have been suggested by an associate. On the 
other hand, channel black forms very tight gel structures with Butyl, and the 
determination of the bound rubber content of such systems is quite simple and 
reproducible. A technique similar to that suggested by Sperberg and his as- 
sociates* has been found to be a convenient method of measuring the bound 
rubber content of unvulcanized Butyl-channel black systems. Unfortunately 
carbon gels produced by furnace blacks in Butyl are not stable enough for deter- 
mination by this method. Possibly a modified procedure, based on polar 
solvents or lower temperatures, would be feasible. 

It might be concluded frem the photometric work described above that 
aging of Butyl-SRF mixtures brings about a definite improvement in dis- 
persion. Such a view would be based on the fact that the polymer is gradually 
made insoluble, or adsorbed, by the pigment. However, in previous work! it 
was shown that differences in dispersion, 1.e., differences in degree of agglomera- 
tion, could be detected by plastometric measurements. Therefore, parallel- 
plate viscosities were obtained on the compositions which had been aged at 
65°C. Both the fine and coarse dispersions showed a slight gradual increase in 
viscosity on aging at this temperature (Table II). Had a significant improve- 
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ment in dispersion (agglomerate disaggregation) occurred, a lower viscosity 
would have been expected. On the other hand, the increase in viscosity was 
not sufficient to indicate any considerable increase in agglomerate size. 

The present authors offer the following explanation for these phenomena. 
A change in dispersion occurs principally through severe mechanical working 
of a mix. Under static conditions there is no reason to suppose a movement 
of carbon particles either in building up or reduction of agglomerate structures‘. 
What apparently does take place is a gradual sorption of polymer and pigment. 
Presumably, such association takes place whether the carbon particles are 
discrete or in agglomerates. 

Admittedly this analysis does not take into account possible thixotropic 
effects. A thorough investigation of such factors should be made. Unfortu- 
nately, this is beyond the scope of the present paper. However, viscosity 
determinations on pure-gum Butyl before and after milling (Table I) and on 
pigmented systems over varying periods of time do not support the thought 
that thixotropic effects are a dominant factor in these systems. 


ELECTRICAL RESISTIVITY MEASUREMENTS 


Since it has already been shown that the degree of dispersion of carbon 
particles may vary considerably, it is reasonable to expect that such differences 
may have an influence on electrical resistivity. A number of investigators® 
have utilized this effect in studying carbon black dispersion. Usually, how- 
ever, such work has been confined to vulcanized systems. In the present in- 
vestigations, particular emphasis has been placed on resistivity measurements 
of unvuleanized compositions. These determinations were made in a conven- 
tional manner, using a guarded ring electrode and a weighted electrode. “The 
specimens were approximately 6 X 6 X 0.075 inches in size, and were covered 
on one side with 0.001-inch aluminum foil before testing. A maximum charge 
of 540 volts, supplied by dry batteries was used in this work. 

Samples were prepared for resistivity measurements either by calendering 
or by molding in a 6 X 6 X 0.075 inch tensile pad-mold. The temperatures 
and pressures at which these operations were performed had an important 
bearing on resistivity and will be discussed. In view of photometric and 
plastometric data, it is of interest to consider the resistivity of fine and coarse 
dispersions and the effect of aging on this property in the unvulcanized state. 

It was readily demonstrated that fine dispersions had a relatively high 
resistivity, 10’ ohm-cm., while coarse dispersions were in the range of 10% to 10° 
ohm-em. specific resistivity. These effects were quite reproducible. The 
effects of aging on such systems are shown in Figure 4. The most conspicuous 
change noted was the increase in resistivity of the gross dispersion. This ap- 
proaches the value obtained on a well-dispersed system. A second phenomenon 
which seems to be a reproducible one is that the resistivity of a good mixture 
shows a slight initial drop which is followed by a recovery to a higher level, near 
the limit of instrumental accuracy. The resistivity values are slightly higher 
for a specimen which has been subjected to test on several occasions than for 
another specimen of the same composition which rested for 17 days with no 
tests. In all cases the resistivity is in the order of 10" to 10“ ohm-cm. When 
aged at 65° C, the resistivity values converge more rapidly and come to equilib- 
rium at about 10° ohm-cm. All these changes are consistent with the light 
transmittance effects described earlier. 

Two obvious differences exist between resistivity of raw compounds and 
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vuleanizates of identical composition. Raw compounds come to equilibrium 
at 10° or 10'* ohm-cm., depending on temperature, while cured specimens have 
a specific resistivity of 10’ or 108 ohm-em., at the highest. The other distine- 
tion is that unvuleanized samples show a pronounced drift in electrical resistiv- 
ity during exposure to an electrical potential, while vulcanizates are quite stable 
in this respect. The effect of electrical field on viscosity is shown in Table III. 
The magnitude of electrical drift in uncured compounds is quite striking, as seen 
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Fic. 4.—Drift in electrical resistivity of SRF-Butyl systems. 


in Figure 5. This plot indicates the drift observed in a compound subjected to 
a constant electrical potential for a period of about 27 hours. A change in 
resistivity from > 10" at the start to <10* ohm-cm. was recorded after 24 hours 
under the constant imposition of an eleetrical potential. This suggests some 
form of particle alignment induced by the current. However, the effect on the 
viscoelastic flow properties of the compound is negligible, indicating that any 
new alignment which may have been set up was comprised of weaker forces 


TaBLe III 
Errect or FIeLp ON Viscosity 


Dispersion n X 1076 poises 
Fine, 0.010 inch 44.0-45.7 
Coarse, 0.070 inch 71.3-73.6 
Coarse, molded, control 57.7-63.7 
Coarse, molded, tested for resistivity drift 54.1-56.4 


than those obtained in the case of gross dispersions produced by mechanical 
techniques. The evidence for this lies in parallel-plate viscosity data, which 
indicate only a slight difference in viscosity between portions of the samples 
exposed to current flow and parts not so treated. In fact, the exposed portion 
had a slightly lower viscosity than the other portion. Previous data had dem- 
onstrated that larger agglomerates resulted in increased viscosity in contrast 
to the situation under discussion. 
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Additional drift determinations were performed on another pair of similar 
samples at 65° C. The results of this experiment are shown in Figure 6. At 
65° C and constant application of electrical potential, the drift from 10" to 10° 
ohm-em. is much more rapid, taking place in about 140 minutes. The speci- 
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Fic. 5.—Drift in resistivity of an unvulcanized SRF-Butyl system. Under 
constant electrical potential at room temperature. 


mens used were calendered to a gage of 0.075 to 0.080 inch at 300° F. Process- 
ing at high temperatures apparently disturbs the particle configuration to a 
lesser extent than the shearing forces involved when such systems are forced to 
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Fic. 6.—Drift in resistivity of unvulcanized Butyl- rod systems. 
Under constant electrical potential at 65° 


flow slowly at low temperatures and high pressures. The resistivity changes 
before this experiment are indicated in Table IV. 

The high resistivity obtained in the gross dispersion, on standing at room 
temperature, is quite transient at elevated temperature. While both samples 
showed a lower initial resistivity at 65° C, than at room temperature, the coarse 
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dispersion showed a much greater drop than the fine dispersion. As a matter 
of fact, both systems approach their original unaged resistivity value. 

This change, however, is reversible. In a final experiment on the same 
specimens after they had rested approximately 4 months, both fine and coarse 
dispersions were found to approach a value around 3.0 X 10" ohm-cm. specific 
resistivity. 

Two distinct types of resistivity drift have now been described qualitatively. 
An unvuleanized Butyl rubber-furnace black system when allowed to rest, 
without mechanical, thermal, or electrical disturbances, will tend to approach 
an equilibrium resistivity value of ~10" ohm-cm. This is true even if the 
specimen has initially a low resistivity, ~10°, by virtue of gross dispersion. 
On the other hand, when such systems of high resistivity are exposed to a con- 
tinuous flow of direct current, they tend to drift in the opposite direction. This 
drift is temperature dependent, but in any case the system approaches a mini- 
mum value of ~10° ohm-cm. 

Both of these effects are somewhat transient. In the case of a gross dis- 
persion which attains high resistivity on aging under static conditions, it has 
been found that this high resistivity can be dissipated simply by raising the 
temperature. On the other hand, the low resistivity obtained in such systems 


TaBLe IV 


REsISTIVITY CHANGES DURING AGING AT Room TEMPERATURE 


Resistivity changes (ohm-cm.) 


Aging time 0.010-inch mill setting 0.070-inch mill setting 
Original, no aging 3.5 X 10" 
2 day 3.0 X 10" 
1 week 4.3 X 108 
1 month 6.5 X 10" 


by electrical forces is reversed on standing under static conditions. Although 
the reproducibility of the resistivity data is a measure of the precision of these 
measurements, this exploratory work was intended to be primarily qualitative 
rather than quantitative in nature. It is visualized that in future work quanti- 
tative determinations would be useful. In this connection, knowledge of ex- 
perimental variables effecting such measurements acquired in the present work 
will be particularly valuable. 


VULCANIZATION STUDIES 


These observations led to a study of resistivity changes occurring during, or 
as a result of, vulcanization. The effects obtained were studied in two systems 
—mixtures containing vulcanizing ingredients and those with no vulcanizing 
agents. Fine and coarse furnace black dispersions were prepared in each 
group, and all compounds were molded both at room temperature and at vul- 
canizing temperature. The basic formulation was polymer, 100; SRF black, 
50; zine oxide, 5; tetramethylthiuram disulfide, 1; and sulfur, 2 parts. The last 
three ingredients were added only in the case of vulcanizing combinations. In 
such cases a large masterbatch containing these curatives in Butyl was made. 
The carbon black was then added to this masterbatch under carefully controlled 
conditions. In this way complete formulations were prepared without disturb- 
ing the particular pigment dispersions being evaluated. The data obtained in 
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this study were shown in Table V. The outstanding fact regarding vulcanizing 
compositions is that the mere presence of sulfur, zinc oxide, and accelerato isr 
not sufficient to alter the resistivity of the systems. Samples prepared at room 
temperatures, and hence not vulcanized, had the same resistivity as both fine 
and gross dispersions containing no curatives However, when molded for 10 
minutes at 320° F, the resistivity dropped to a normal value of ~107 to 105 
ohm-em. It is worth noting that in this experiment the gross dispersion ex- 
hibited less change than the fine one. It is further evident that there was a 
slight but definite difference in resistivity caused by varying the molding 
pressure. The latter observation is consistent with data reported by Bulgin®. 

In the case of nonvuleanizing systems the data are of comparable signifi- 
cance. Samples prepared at room temperature, had as expected, high resistiv- 


TABLE V 
REsIsTIVITY CHANGES DURING VULCANIZATION OF ButTyL-SRF Systems 
Resistivity change 
Molding conditions 0.010-inch compd. 0.070-inch compd. 


Compounds Containing Vulcanizing Agents 


10 min. at 320° F, 200 Ib./sq. in. 2.8 X 107 § 10° 
10 min. at 320° F, 2000 Ib./sq. in. 3.8 X 107 § 10° 
2 hr. at room temp., at low pressure > 10" . 10'° 
2 hr. at room temp., at low pressure, 

aged 1 day 1.5 X 10" . 10° 


Compounds without Vulcanizing Agents 
10 min. at 320° F, original 5.0 X 10" r 10'° 
10 min. at 320° F, aged 2 days 3.1 XK 10'° d 10° 
10 min. at 320° F, aged 4 weeks 3.4 X 10" , 10 


2 hr. at room temp., 20,000 Ib./sq. 
in. 5.5 X 10% ‘ 10" 


2 hr. at room temp., 20,000 Ib./sq. 

in., aged 1 day > 10'* 2.6 K 10" 

Sheets Calendered at 300° F, Aged at 65° F, No Pressure* 

Original 1.5 10" 10° 
16 hr. at 65° C 8.9 X 10" i 10° 
110 hr. at 65° C 3.1 10'° 
Same specimen after resting 4 months 

at room temp. 1.6 <X 10° 5. 10° 


« No vulcanizing agents present. 


ity. Inthe case of the gross dispersion the value is higher than usual, probably 
because of the effect of molding under high pressure as suggested previously. It 
is especially noteworthy that these nonvulcanizing systems, even when exposed 
to curing conditions 10 minutes at 320° F do not undergo the large decrease in 
resistivity recorded in vuleanizates. The value obtained is ~10'° ohm-em., 
regardless of dispersion. Furthermore, this value is essentially the same as that 
obtained upon prolonged exposure to the milder temperature of 65° C. The 
10'° value obtained is apparently stable, as evidenced by tests made on heat 
treated specimens after standing at rest for four months. 

These data seem to indicate that vulcanizing agents alone do not increase 
the conductivity of polymer-SRF systems. Neither does thermal treatment 
in the absence of curatives have the effect of true vulcanization on resistivity. 
Apparently, the maximum resistivity changes are brought about only by actual 
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vulcanization. This is a remarkable conclusion, which suggests some form of 
polymer-sulfur-carbon black interaction. Before attempting any theoretical 
explanation of these phenomena, however, it will be useful to consider some ad- 
ditional experiments. 


PLASTOMETRIC STUDIES 


The effect on carbon black dispersion of variations in the amount of physical 
work done on such systems has been described. The measurement of rheologi- 
cal and electrical properties has been discussed and some suggestion made of 
changes occurring in pigment-particle configuration during vulcanization. It 
is, therefore, of interest to measure the changes in viscosity or flow properties of 
Butyl-furnace black systems under such conditions. Investigation of this 
problem was carried out on the same five samples which were discussed briefly 
(Figure 1 and Table 1) and in more detail in an earlier paper'. Inasmuch as 
these compounds contained no vuleanizing agents, it was possible to measure 
the viscosity changes incurred by exposure to high temperature and pressure. 
These differences are shown in Table VI. The viscosity test-specimens were 
exposed to high temperatures (10 minutes at 320° F) in a laboratory press in 
small rings, 1 inch inside diameter by 0.150 inch usually employed in preforming 


TaBLe VI 
ErFect OF VULCANIZING CONDITIONS ON VISCOSITY 
or CarBon Bigck DISPERSIONS 
50 parts SRF in GR-I-15 
Mill setting (inch) 0.010 0.020 0.035 0.050 0.070 
Original viscosity (x 
i 39.6 47.9 54.6 51.3 69.2 


poises 
Viscosity (after 10 min. at 
320° F) 36.1 34.4 36.9 45.1 43.9 
Difference (ave. of 4 deter- 
minations) 3.5 13.5 17.7 6.2 25.3 


the test-specimens for the parallel-plate plastometer. The data indicate that 
the large differences in viscosity existing in the original compounds are mini- 
mized by exposure to vulcanizing conditions in this manner. In most instances 
the magnitude of viscosity change is directly related to the degree of agglomer- 
ation: the coarser dispersions showed the greatest loss in viscosity. The one 
exception is in the case of the mix prepared on the 0.050-inch gage mill. It is 
not easy to explain this discrepancy. However, in the earlier paper' it was 
pointed out that this compound differed from the others in that the mill bank 
constituted a substantially greater proportion of this composition than any of 
the others. It is possible that this results in a more thorough blending of the 
compound and possibly the agglomerates were more tightly held in the polymer 
mass than was the case with the other compounds. If this were true, it is at 
least conceivable that these agglomerates were less readily fractured during the 
hot molding operation. 

Nevertheless, it may be concluded that the effect of heat and pressure on 
such systems is to minimize existing differences in carbon black dispersions. 
These changes, unlike electrical drifts, are more permanent and essentially ir- 
reversible. This explains why dispersion differences which may give serious 
processing difficulties in production cannot be readily detected by means of 
laboratory tests based on the vulcanizate properties of such systems. 
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VULCANIZATE PROPERTIES 


It cannot be stated positively, however, that there are not some subtle 
differences in the physical properties of these vulcanizates. These properties 
have been measured in several different ways. In all cases a polymer master- 
batch containing all vulcanizing ingredients was used in preparing compounds 
with varying degrees of SRF black dispersion. Test-specimens were prepared 
by vulcanizing the samples simultaneously in the same multicavity molds. 
Stress-strain curves (Figure 7) were obtained on compounds vulcanized for 10 
minutes at 320° F. At low elongations the coarse dispersion has a distinctly 
higher modulus than the fine one, while the latter has a greater ultimate tensile 
strength of 260 pounds per square inch, an improvement of almost 16 per cent. 
Tests with the Taber abrader indicate that a definitely higher rate of abrasion 
loss may be expected with coarse dispersions than with fine ones. After 1000 
cycles, the better dispersion had an 0.142 per cent abrasion loss as compared 
with 0.170 per cent of the coarse dispersion. 
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Fic. 7.—Effect of dispersion on tensile properties. 


These data support the belief that large agglomerates of furnace black oc- 
curring in gross dispersions persist to some extent during the vulcanization 
process. The higher modulus occurring in such products may be attributed to 
the viscous effects of the large agglomerates. The superior reinforcing proper- 
ties of fine dispersions are, however, reflected in higher ultimate tensile strength 
and better abrasion resistance. Also characteristic of true reinforcement is the 
lag in modulus at low extensions followed by higher values as orientation effects 
are induced at increased strains. 


SUMMARY AND DISCUSSION 


Several facts have been established as a result of this work. The degree of 
carbon black dispersion or, to be more specific, the degree of disaggregation 
obtained in SRF black distributed in Butyl rubber, is influenced to a signifi- 
cant extent by the amount of mechanical work done on such mixtures. These 
differences have been observed repeatedly by means of the electron microscope 
and photometric and rheological tests. The electrical properties of SRF- 
Butyl systems are quite sensitive to the conditions to which they are exposed. 
Changes in electrical resistivity are brought about by variations in temperature 
or pressure as well as by electrical forces. Most of such changes, however, are 
reversible, except in the case of vuleanizates. The vulcanization reaction has 
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an important influence on the electrical properties of such systems. Although 
the process of vulcanization tends to minimize the differences in SRF pigment 
dispersion, there is considerable evidence that such differences may persist in 
vulcanizates and have an important effect on their physical properties. 

In view of all these facts one may speculate upon possible explanations for 
the observed phenomena. Several authors’ have, indeed, pointed out that 
increased shearing action on polymer-pigment systems, obtained by more 
severe milling conditions, does‘bring about gross differences in ‘‘dispersion.” 
There has always been, however, a need for more precise techniques of measur- 
ing and evaluating these differences. It is hoped that the several procedures 
discussed in this paper will prove to be useful in such applications. 

In the present work the polymer-pigment habit in Butyl rubber-SRF 
systems has been described by these methods. However, the theoretical ex- 
planation for some of the phenomena, such as photometric or electrical drifts, 
is not immediately obvious. Bulgin® and Parkinson and Blanchard‘ have 
considered the possibility of changes in carbon structure under various condi- 


Fig. 8.—Electron micrograph of SRF black. 


tions, such as Brownian movement. In the present work it has been shown 
that photometric and electrical resistivity changes are not accompanied by a 
comparable alteration in rheological properties. How then may these con- 
comitant but not complementary effects be explained? By what mechanism 
may such changes occur? A hypothetical case is illustrated in Figure 8, in 
which some liberties have been taken with an electron micrograph of SRF black. 
Here the formation of continuous chains for passage of a current in the presence 
of an electrical field is proposed. Such a mechanism is suggested by work of 
Cohan and Watson’, Voet and Suriani®, and Pohl'®. Under the influence of an 
electrical field dipoles may be induced on suspended particles. The particles 
can then coalesce into conductive chains throughout the rubber matrix. They 
do this more readily when the temperature is raised and the viscosity of the 
rubber matrix is reduced. This electrical drift in unvulcanized systems is re- 
versible, for the compounds in Figure 6 returned to their original values on 
standing a few weeks. Furthermore there appears to be no good reason why 
formation of conductive chains by a mechanism involving induced dipoles could 
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not take place without fracture of existing agglomerates. This view is indeed 
consistent with the present data. 

It has already been suggested that the changes in light transmittance values 
are related to the formation of bound Butyl. Here, too, it seems reasonable to 
expect that some portions of carbon aggregates can form an association with 
the polymer without actually breaking up the agglomerate structure. Thus, 
bound rubber formation could proceed without altering the rheological proper- 
ties appreciably. The initial drop in light transmittance value in the case of 
very coarse dispersions might be explained by the hypothesis that the swelling 
of the polymer in solution does actually cause fracture of very large agglomer- 
ates. 

There is, indeed, some theoretical evidence to support the concept of carbon 
black-polymer interaction of a type that could produce bound rubber. Naunton 
and Waring", Gehman and Field", and Thornhill and Smith" have suggested 
that strong bonds exist between polymer and pigment and that these bonds 
may be related to unsaturation. In reviewing work in this field, Parkinson" 
proposed the existence of primary valence linkages between carbon pigment 
and polymers. This concept has been advanced more recently by the work 
of Stearns and Johnson'®. It should perhaps be pointed out that these con- 
cepts must be approached with some caution. The distinctions between pri- 
mary valence linkages, van der Waals forces, and physical associations are 
difficult if not impossible to detect in such systems as the ones under discussion. 
It is reasonable to assume, however, that some such forces are involved in 
bound rubber as well as reinforcing phenomena. 

It was suggested earlier that an interaction between carbon black and the 
cross-linking polymer occurs during vuleanization with sulfur. This thought 
was based on several observations made on the electrical properties of vulean- 
ized and unvulcanized systems. It was found that the presence of sulfur and 
other curatives in mere physical admixture in a polymer-black system has no 
effect on the electrical resistivity. Likewise, the application of vulcanizing 
temperatures, in the absence of vuleanizing agents, does not bring about the 
degree of change promoted by actual vulcanization. 

In speculating on the reasons for this behavior, it is convenient to accept 
certain concepts which have been reasonably well established. Vulcanization 
is believed to be a series of complex chemical reactions in which strong inter- 
molecular forces are formed between rubber molecules'®. These changes are 
thought to involve reactions with the alpha-methylene carbon atoms or double 
bonds, with a possible reduction of polymer unsaturation. These chemical 
bonds between rubber molecules account for the conversion of the soft plastic 
unvuleanized rubber into a tough elastic infusable and insoluble vulcanizate. 
The magnitude of the permanent change in resistivity on actual vulcanization 
suggests some form of interaction between polymer, pigment, and curatives. 
Some observers have proposed that this is simply a matter of flocculation, but 
this idea does not seem to fit all the experimental observations. Another possi- 
bility is that this is a viscosity effect. Viscosity being temperature dependent, 
a lower resistivity is obtained at vulcanizing temperatures, the particular pig- 
ment configuration responsible for low resistivity becoming permanent on vul- 
canization. It is true that resistivity does decrease rapidly during vuleaniza- 
tion. That this change is permanent and irreversible can undoubtedly be 
attributed to the fact that a rigid polymer network is formed which does not 
permit any easy change in pigment particle configuration. 
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However, still another hypothesis is suggested by the present work. There 
appears to be a possibility that the strong polymer cross-linking forces created 
by vulcanization disrupt weaker polymer-pigment bonds. In this way the pig- 
ment particles are forced into more conductive chains. This concept presents 
an interesting possibility—if some method of strengthening polymer-pigment 
bonds can be devised, a true enhancement in polymer reinforcement may be 
realized. 

It is acknowledged that some of the points made and conclusions suggested 
in this paper are of a controversial nature. This is unavoidable and even de- 
sirable in a field where further investigations are needed. It is hoped that 
these circumstances will stimulate additional investigations, particularly where 
further elucidation would contribute to a better understanding of reinforcing 
phenomena. Studies of other types of pigments as well as all carbon black 
types would seem especially worthwhile at this time. The practical value of 
some of these findings should be obvious. Their application to specific prob- 
lems in the fabrication of inner tubes, coated fabrics, insulated wire, and similar 
products is suggested. 


SUMMARY 


Previous studies have shown that differences in milling conditions cause 
significant variations in the dispersion of SRF black in Butyl rubber. Recent 
work has placed such differences on a more quantitative basis. This was 
achieved by the interrelation of photometric, rheological, and electrical meas- 
urements. These observations revealed new phenomena involving changes in 
the pigment-polymer habit of such systems. Analysis of these phenomena 
has led to the conclusion that they may be interpreted as evidences of pigment- 
polymer association. 
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ACTION OF LIGHT ON SODIUM-BUTADIENE 
RUBBER * 


A. F. Posrovskaya AND A. S. KuzMInskit 


Light aging is one of the basic causes of the destruction of rubber and rubber 
products. In view of this, it seemed interesting to study the structural changes 
which take place in rubber under the influence of light. It is known that light 
not only activates the oxidation process, but also has another quite independent 
effect on rubber. When exposed to light, sheets of rubber (sodium-butadiene- 
polymer and natural rubber) lose their capacity to form solutions, and already 
prepared concentrated solutions (up to 10 per cent) form gels. 

The work of Zhukov, Komarov, and Sibiryakov! showed that, when ben- 
zene solutions of purified sodium-butadiene rubber are irradiated, the viscosity 
of the solution drops under the influence of the light, and gelation then takes 
place. 

In a work on the irradiation of solutions of natural rubber with a mercury- 
vapor quartz lamp, Soboleva? showed that, in the first stages of irradiation, a 
decrease of molecular weight is observed, and then an increase at more ad- 
vanced stages. From this the author concludes that, as a result of the action 
of light, there is not only a destructive reaction, but also a reaction leading to 
structural formation. The quantum yield of these processes is very small 
(approximately 4 — 12 * 10*); on the basis of this, Soboleva offers the sugges- 
tion that the process is not a chain process. 

Bateman’, studying the photolysis of carefully purified natural rubber in a 
vacuum, observed a breakdown of the rubber hydrocarbon and liberation of 
gaseous products containing 70 per cent hydrogen. This led the author to the 
conclusion that rupture of the carbon-hydrogen bond takes place in distinction 
to thermal decomposition, whereby the carbon chain is shattered. As Bateman 
remarks, however, the formation of gaseous products is only one characteristic 
of primary dissociation. An approximate calculation of the quantum yield 
(with falling energy) of the gaseous products formed is 4 X 10~. 

It should be noted that the most serious failure of nearly all investigations 
of the effects of light on rubber is that no consideration has been taken of the 
reactions leading to the complex structural changes which take place in poly- 
mers. Another essential failure is that the authors calculated the energy of the 
impinging light but not the energy absorbed in the reactions responsible for the 
changes in the polymer. 


EXPERIMENTAL METHOD 


A study of structural changes taking place in a sodium-butadiene polymer 
(hereafter the sodium-butadiene polymer will be called “the polymer’) under 
the influence of light was made in a high vacuum at 25° C. The polymer was 
carefully purified from extraneous substances by double precipitation from 


* Translated for Rusper Cuemistry anp Tecuno._ocy by Alan Davis from the Zhurnal Fizicheskoi 
Khimit (Journal of Physical Chemistry), Vol. 35, No. 7, pages 863-868, July 1951. 
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benzene solution by methanol, and then was brought to a constant weight in a 
vacuum. Sheets of standard dimensions were formed on the surface of the 
water. Frames for the sheets were 35 X 65 mm. in area and 50, 100, and 200 
microns thick. The benzene and water absorbed by the sheet of polymer were 
removed ina vacuum. All the operations of purifying the polymer and making 
sheets of it were carried out in a special apparatus which excluded all leakage 
of atmospheric oxygen. 

The degree of unsaturation according to Vasilyev‘ was 92 per cent of the 
theoretical value. The number of double bonds in the main chain, determined 
by the perbenzoic acid method, was 32 per cent of the total amount. 

The relative viscosity of the 0.3 per cent benzene solution was 1.8, measured 
with an Ostwald viscometer. A general scheme of the experimental apparatus 
used in the study of light aging of polymer sheets is shown in Figure 1. 

A sheet of polymer was inserted in a glass frame, and this was placed in the 
quartz vessel 1. The vessel (of diameter 48 mm., and height 210 mm.) was 
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Fig. 1.—-Diagram of experimental apparatus for study of the light-aging of rubber. 


placed in a liquid thermostat 2 and contact thermometer. A mercury-vapor 
quartz lamp in a water jacket was used for the source of irradiation. The light 
energy emitted by the lamp was concentrated on the surface of the sheet by a 
round quartz retort 4, filled with distilled water. The pressure in the system, 
from 10~! to 10-* mm. of mercury, was measured with a vacumeter 5 and lamp 
6. For measuring small pressures from 10~ to 10~*, an ionization vacumeter 7, 
and an ionization lamp were used. 

For trapping the condensing portions (at 180° C) of gaseous products of 
decomposition of the polymer, a trap 9, cooled by liquid nitrogen, was used. 
For detecting hydrogen from the portion of gaseous decomposition products of 
the polymer which did not condense at 180° C, a trap 10 of palladium-tin was 
used. For determining quantitatively the hydrogen content, a discharge tube 
11 with aluminum electrodes was used. The system was pumped for 25-30 
hours at room temperature with traps cooled by liquid nitrogen; after this the 
gas yield of the sheets was determined. Sheets were considered degassed if, 
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after two hours, no change of pressure was observed in the system. The de- 
gassed sheet was exposed to radiation and, at the same time, the amount of 
volatile products in the gaseous phase was measured. 


EXPERIMENTAL RESULTS 
VOLATILE PRODUCTS OF THE REACTION 


Figure 2 shows the results for the yield, in a vacuum, of volatile products in 
the process of radiating sheets of polymer of varying thickness. The figures 
which are shown are the arithmetic average of 4 or 5 measurements, and the 
deviation of individual measurements from the average value was 1-2 per cent. 
The quantity of gaseous byproducts is expressed in gram-moles per mole of 
polymer. The calculation of the volatile substances is based on a structural 
unit (mole) of the original polymer containing one aliphatic double bond. For 
sodium-butadiene rubber, the mole is 54 grams. 
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Fic. 2.--Kinetics of yield of gaseous products during irradiation of sheets of polymer of varying thickness 
in vacuum. I, thickness of sheet 200,; II, thickness of sheet 100u; and III, thickness of sheet 50x. 


Figure 2 shows curves describing the process of production of gaseous by- 
products during irradiation of sheets of varying thickness (I, 200 uw; IT, 100 uy; 
and Ill, 50 w). Characteristic of these curves is the presence of a deflection 
in the initial stage of radiation at 4 hours. Thereafter the rate of gas formation 
remains constant for a protracted period, and finally begins to fall after a long 
time of irradiation. 

Presumably this bend in the curve is related to the unequal distribution of 
radiating energy, which in the early stage of the process is mostly absorbed by 
the outer surface of the sheet. Then, in proportion to the extension of the 
process into the lower layers of the sheet, a decrease of speed of reaction is ob- 
served. The correctness of this assumption is confirmed by experiments with 
sheets of varying thickness. 

Thus, curves I, I], and III show that the relative quantity of gaseous prod- 
ucts formed during the irradiation decreases with increase of thickness of the 
sheet. 
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The increase of pressure observed in the system is the result of the formation 
of volatile byproducts, and is not explainable by experimental errors (low 
precision of measurements, effect of oxygen, etc.). This assertion is based on 
the following special experiments performed by the authors with a sheet of 
thickness 100 uw (see Figure 3, curve 1): 

1. At a certain point during the process (10 hours), the radiation was shut 
off and, after evacuation of the system, the sheet was again irradiated for 40 
hours. Figure 3 (curve 2) shows that complete kinetic reproducibility of the 
system takes place. 

2. At a certain point during the reaction (8 hours), a small quantity of 
oxygen was added to the reaction vessel, and then radiation was continued for 
7 hours. The experimental results in Figure 3 (curve 3) show that, after the 
admission of oxygen, the rate of evolution of volatile byproducts remained 
constant. 
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Fia. 3.—Kineties of yield of volatile byproducts during irradiation 
of sheet of polymer in vacuum (thickness 100y). 


Thus]the yield of volatile byproducts observed during radiation is a result 
of partial decomposition of the molecules in the polymer; this is confirmed by 
direct analysis of the volatile products. Thus the gaseous part was found to 
consist of 32 per cent methane and 62 per cent hydrogen. The composition of 
the volatile byproducts is determined by fractional combustion on copper oxide 
in a Lung apparatus. 


DETERMINATION OF THE QUANTUM YIELD 
OF VOLATILE BYPRODUCTS 


The amount of energy absorbed by a sheet was measured by analysis of a 
solution of oxalic acid placed in a quartz cuvette. The cuvette was placed in 
the reaction vessel behind the sheet. The concentration of oxalic acid was 
0.05 mole per liter. The amount of volatile byproducts was 2.46 X 10~4 gram- 
mole per mole of polymer. The quantum absorbed by a mole of polymer was 
1.26 X 107! N, where N is the Avogadro number. The quantum yield was 
2 

STUDY OF STRUCTURAL CHANGES IN A POLYMER 


Study of a sheet polymer after irradiation showed that essential structural 
changes had taken place internally. 
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1. The solubility decreased, as is seen in Figure 4. 

2. The degree of unsaturation decreased, as can be seen in Figure 5. The 
quantum yield according to the change of unsaturation was 0.73. This value 
for the quantum yield appears low because the calculations were made with 
the assumption that all of the energy absorbed by the rubber causes changes in 
the polymer. 
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Fic. 4.—Change of solubility of polymer as a function of the time of irradiation in a vacuum. 


3. Infrared spectroscopy revealed that, during irradiation, the number of 
double bonds located in the main chain decreases much faster than the number 
of double bonds in aside chain. For example, after the first hour of irradiation, 
the decrease of double bonds in the main chain was 25 per cent, whereas the 
decrease of double bonds in a side chain was only 3 per cent. After 13.5 hours 
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Fie. 5.—Change of unsaturation of polymer as a function of the time of irradiation in a vacuum. 


of irradiation, no double bonds were present in the main chain of the polymer, 
and in a side chain only 6 per cent remained. 

The proportion of double bonds in a side chain of the original polymer was 
68 per cent, and in the main chain 32 per cent. 

These data show that, during irradiation in a vacuum, complex reactions 
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Fic. 6.—Change of relative viscosity of the sol fraction of polymer in relation to time of irradiation. 


take place in a polymer, and that they are related in some way to the formation 
and subsequent transformation of radicals. 

4. The relative viscosity of the sol fraction (see Figure 6) changes rapidly 
during the first hour of irradiation, after which hardly any changes are observed. 
Presumably the decrease of viscosity is related to the gradual enrichment of the 
sol fraction of the polymer by low-molecular fractions. 


CONCLUSIONS 


An apparatus was devised and experimental methods of investigating the 


action of light on polymers in a high vacuum (10~* mm. of mercury) were de- 
veloped. The limits of accuracy of the methods for measuring gas formation 
and decrease of unsaturation are 1—2 per cent. 

The effect of ultraviolet radiation on sodium-butadiene rubber in a high 
vacuum is the formation of gaseous byproducts. The latter appear as two 
fractions: one which condenses at 180° C, and one which does not condense 
under the same conditions. The noncondensing part comprised 84 per cent 
of the total, and consisted of 64 per cent hydrogen and 32 per cent methane; 
this indicates rupture of the —C—C— and —C—H bonds. 

The action of light on rubber is accompanied by a loss of unsaturation. The 
change of unsaturation is primarily in the main chains and only to a small 
degree in the side chains (we know that the reverse is true with respect to the 
effect of heat). 

Measurements were made of the light energy absorbed by rubber, and the 
quantum yield of gaseous products was calculated. The small quantum yield 
(2 X 10~*) indicates the incatenate nature of the process. 

The decrease of solubility of an irradiated polymer is a consequence of a 
reaction between free radicals forming after rupture of the —C—H bond, and 
also after rupture of the carbon chain. 
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CRACKING OF RUBBER AND GR-S IN OZONE 
EFFECTS OF TEMPERATURE AND ELONGATION * 


G. R. CurHBEerRTSON AND D. D. DuNNom 


U.S. Co., Derrorr, Micuican 


For several classes of rubber articles, the presence of cracks caused by ozone 
may be considered primarily an appearance defect, because the cracks do not 
interfere with the performance of the product. The subjective severity of 
cracking is determined solely by the size and number of cracks and it is inter- 
esting to consider how the size and number of cracks are influenced by the serv- 
ice environment of the articles. Experience had led to the belief that tempera- 
ture is one of the more important environmental factors influencing cracking 
appearance, so a study was begun to determine some of the effects of tempera- 
ture on ozone cracking. 


PREVIOUS WORK 


The effects of temperature and elongation on the appearance of cracks pro- 
duced in natural rubber by ozone have been reported by various writers. 
Williams', Shephard?, and others demonstrated that the crack density, i.e., the 


number of cracks per unit area, in samples of rubber exposed to ozone at con- 
stant temperature increased with increasing elongation. The relation between 
crack density and temperature was reported by Crabtree and Kemp® and 
Kearsley’, who found that increasing the temperature had the same effect as 
increasing the elongation. In addition, Kearsley reported that samples which 
were kept frozen during exposure did not crack. 

The combined effects of temperature and elongation on cracking were re- 
ported by Ball, Youmans, and Rausell’, who, in studying two natural-rubber 
compounds at a series of elongations and temperatures, found that the severity 
of cracking reached a maximum for all elongations at about 25° C, decreasing 
in severity above and below this temperature. This result was interpreted by 
them as indicating that the critical stress was as important as the critical 
elongation, since their data showed that the moduli of the two compounds were 
very nearly the same in the region of maximum severity of cracking. Al- 
though this would seem to be inconsistent with the previous work, the con- 
clusions become entirely consistent if the observations of the dimensions of the 
cracks are translated into terms of crack density. 

To summarize, both temperature and elongation have been found to have 
similar effects on the crack density of natural rubber samples exposed to ozone. 
This may be interpreted as indicating that the stress in the sample is the factor 
which determines the crack density, since stress in elastomers is a function of 
elongation and temperature. Support for this view is given by the fact that, 
independent of temperature, elongated samples which exhibit rapid stress 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 834-837, April 1952. 
This paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 1951. 
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CRACKING OF RUBBER AND GR-S IN OZONE 


TABLE I 
EXPERIMENTAL RECIPES 


Low 
temperature 
Rubber iR-S 


Smoked sheet rubber (No. 1) 100 
Standard GR-S 
GR-S X583 
MPC black 
Hydrocarbon oil 
Pine tar 

F. C. zine oxide 
Stearic acid 

Sulfur 


Mercaptobenzothiazole. 
+ Diphenylguanidine. 


decay either fail to crack or show smaller crack densities when allowed to stand 
for a time prior to exposure to ozone. 

The data presented by Ball do not agree with this interpretation, as they 
show that both the resistance to cracking and the modulus increase with de- 
creasing temperature; unfortunately, complete modulus data were not given 
for elongations lower than 50 per cent, but it is presumed that the same behavior 
would be shown at the lower elongations. These data are not anomalous, but 
actually represent the stress-temperature behavior of rubber under nonequilib- 
rium conditions of stress, and it is necessary to seek for another explanation of 
the effect of temperature on crack density. 

In the present work Ball’s studies were extended to a standard GR-S and a 
low-temperature GR-S compound with the hope of clarifying the relationship 
between elongation, temperature, and ozone crack density. The two types of 
GR-S differ in their temperature behavior sufficiently from rubber to be of 
interest in this type of study. A rubber compound was included as a control. 


EXPERIMENTAL 


The recipes of the compounds which were studied are shown in Table I, and 
some of the physical properties of these compounds are shown in Table IT. 

These compounds are similar to those used in tire treads or sidewalls but 
were deliberately simplified. Antioxidant was omitted to avoid complications 
which result from differing activities in the polymers. One-inch wide strips of 
these compounds were cut from 4 X 6 X 0.08-inch tensile slabs which had been 
cured for 45 minutes at 292° F. These strips were clamped in a rack of the 
type shown in Figure 1 and stretched to the desired elongation at room tem- 


TABLE II 


Room TEMPERATURE PROPERTIES OF EXPERIMENTAL COMPOUNDS* 


Low- 
Tensile strength (Ib. /sq. in.) 
100% modulus (Ib./sq. in.) 
Breaking elongation (%) 
«Cured 45 minutes at 292° F. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


Fic. 1.—Testing rack. 


perature. The stretched samples were then placed in an ozone chamber 
(Figure 2) employing a voltage-regulated silent discharge ozone generator with 
a thermostatically controlled heater-blower and refrigerating system, and a 
carefully regulated air flow. The samples were allowed to stand at the testing 
temperature for at least 1 hour before the ozone generator was started in order to 
reach thermal and mechanical equilibrium. They were then exposed to a con- 
centration of ozone of 1.4 + 0.1 p.p.m. for 4 hours at temperatures ranging 
from —10° to 90° F; the maximum temperature variation during a run was 
+2° F. Sample relaxation during conditioning was not measured directly, 
however the relative equilibrium stress in the synthetic compounds is shown in 
Table ITT. 
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Fig. 2.—Ozone test chamber 
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The ozone concentration in the box at the time of exposure was determined 
with an apparatus of the type described by Crabtree and Kemp’, in which the 
stream of ozonized air passes through a fine spray of buffered potassium iodide 
solution, thereby ensuring rather complete contact of the ozone with the solu- 


TABLE III 
RELATIVE STRESS AS A FUNCTION OF TEMPERATURE AND ELONGATION 


Relative stress 
A 


Temp. Elongation Standard Low-temperature 
CF) (%) iR-S GR-S 


90 10 i 6.37 


15 7.48 
20 7.91 


10 F 7.26 
15 F 7.67 
20 ; 8.09 


tion. Results obtained by this method of analysis are claimed by the designers 
to be not affected by small amounts of nitrogen dioxide or other oxides of 
nitrogen which may be formed in the ozonizer. 


RECORDING RESULTS 


A simple method was devised for recording the appearance of the cracked 
samples. The surface of the cracked sample is first wiped with a clean cloth 
to remove any dust. The sample is then pressed against a stamp pad saturated 


with an ink such as Carter’s stamp pad ink (selected as most suitable after 
several trials with various inks) and the excess ink is wiped off on the pad. 
The sample is next placed in a small rack and stretched to open the cracks so 


Temperature, ° F. 


12.6 15 17.5 20 22.5 25 50 
% 


Fig. 3.—Natural rubber. 


that a clear impression will be obtained, after which it is placed over a sheet of 
bond paper, inked side down, and lightly pressed against the paper with a small 
roller. With a little practice, this method gives a clean print of the sample 
and shows clearly the number and size of even small cracks. 
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RESULTS 
Figure 3 shows prints of the cracked natural-rubber samples. It is seen 
that at each temperature, with the exception of the two lower temperatures, the 


crack density increases with elongation and the crack size decreases with in- 
creasing elongation. 
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Fic. 5.—-Low temperature GR-S. 


In Figures 4 and 5 are shown the prints of the standard GR-S and low tem- 
perature GR-S compounds. The cracking shown here is qualitatively the 
same as that produced in the rubber compound. 

In each set of prints it is seen that for each temperature there is an elonga- 
tion below which no cracking occurs; this elongation has been termed the 
cracking threshold. Although the exact determination of the cracking threshold 
presents some difficulties because of sample nonuniformity, it is possible to 
determine roughly the relation of this elongation to temperature. In Figure 6 
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the cracking threshold for the samples shown previously is plotted against the 
temperature of exposure. The curves are approximately hyperbolic and lie in 
the same order as the moduli of the compounds. 


DISCUSSION 


It has been found here that temperature and elongation have similar effects 
on cracking density and that there is a cracking threshold which is a function of 
the temperature and which may depend on the modulus of the compound. The 
relation between cracking threshold and temperature seems to be qualitatively 
the same for the three types of compounds examined. From this it may be 
inferred that the three polymers possess a common property which is affected 
by temperature to produce changes in ozone crack density. It is still desirable 
to offer some explanation for the similarity of the behavior of these compounds 
and the shape of the cracking threshold-temperature curves. 

The first hypothesis which might be examined is that the stress in the sample 
determines the crack density. This would mean that the cracking threshold 
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Fig. 6.—Cracking threshold as a function of temperature. 


could be interpreted as the minimum stress necessary to crack the sample at a 
given temperature. This hypothesis is shown to be incorrect, however, by an 
examination of the relative stresses in the samples at the elongations and tem- 
peratures used (Table III). These were determined indirectly by measurement 
of the resonant frequency of small strips of the samples which were held at con- 
stant elongation. 

For each compound the relative stress increases with decreasing tempera- 
ture, in agreement with the work of Ball; therefore, stress cannot be the sole 
factor in determining crack density, since it is not reasonable to assume that 
crack density decreases with increasing stress. 

A thermodynamic and kinetic consideration of the crack density-tempera- 
ture relationship may lead to a more productive analysis. During a discussion 
at the Gordon Research Conference (Colby Jr. College, New London, N. H., 
July 9-13, 1951) it was proposed that scission of a molecule under strain may 
be permanent because of the separation of the two radicals at the point of 
scission, whereas the molecule in the unstrained state may allow recombination 
of the two radicals formed during scission’, This proposal could explain both 
the temperature and strain relationship of ozone cracking. If free radicals are 
intermediate products in the ozone rubber reaction, they would have a greater 
chance of recombining or relinking at a low temperature than at a high tem- 
perature; this greater probability of recombining, however, could be overcome 
by increasing the strain. 
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Another interpretation of the data is suggested by the fact that the tensile 
strength of most materials increases with decreasing temperature. If the 
formation of ozone cracks in elastomers is considered simply as a breaking 
process, then the stronger the surface ozonide film, the fewer the number of 
cracks which will be formed at a given stress®. Thus, the effects of tempera- 
ture and elongation on crack density may in this case be interpreted in terms of 
their effects on the absolute stress, rate of surface stress relaxation, and surface- 
film tensile strength. 

Unfortunately, the quantitative relations of these various factors to crack 
density are unknown, and the difficulties of developing an exact relationship 
are manifold. Fortunately, however, use may be made of the concept of the 

‘ cracking threshold without a quantitative knowledge of its relation to temper- 

a ature, etc. For certain products, cracking is not objectionable if the cracks are 
very small and dense. However, the service conditions of the product may 
involve temperatures or elongations which tend to produce the large, scattered 
cracks. In this case it is usually possible, through a study of the effects of 
compounding variables on the cracking threshold, to design a compound in 
which the cracking will be of a less objectionable type or which will not crack 
under special service conditions. Work of this type is aided considerably by 
the examination of prints of samples exposed to ozone at a variety of tempera- 

tures. 


SUMMARY 


Determinations of the effects of elongation on the character of cracking in 


samples of rubber exposed to ozone have been reported by some of the early 
workers in the field. Data on some of the effects of temperature on the rate 
and character of cracking have not clearly shown the effects of the interaction 
of temperature and elongation on the character of ozone cracking. In the 
present study, samples of rubber, standard GR-S, and low-temperature GR-S 
compounds were exposed to a constant concentration of ozone for 4 hours at 
several elongations and temperatures. Prints were made from the exposed 
samples by inking the sample surface and taking an impression on paper. The 
rubber compound cracked at lower temperatures and elongations than either 
the standard or low-temperature GR-S compounds, and for each temperature 
there existed an elongation below which no sample cracked; this elongation is 
termed the cracking threshold for this temperature. The cracking threshold 
was found to be a function of the temperature, decreasing with increasing tem- 
perature. Although this relation is particularly difficult to treat exactly, it is 
possible to explain this effect on the basis of changes in ozonide film strength and 
ozonide stability with temperature. Studies of the effects of compounding on 
the cracking threshold may be of great value in designing compounds to fit the 
climatic conditions where they are to be used. 
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STATIC EXPOSURE TESTING OF 
AUTOMOTIVE COMPOUNDS * 


H. A. WINKELMANN 


Drypen Russer Division, MANvFACTURING Corp., Cutcaao, ILL. 


Deterioration of rubber in service due to cracking is a problem of major con- 
cern to all manufacturers and consumers of rubber products. Automotive 
manufacturers each year face losses aggregating thousands of dollars because 
of premature cracking and failure of rubber parts. The problem of the rubber 
technologist is complicated by the fact that ozone cracking of a given compound 
out of doors is a variable factor, depending on meteorological conditions and 
geographical location. Cracking also varies with the amount of strain im- 
posed in the automotive assembly. A satisfactory rubber must resist ozone 
cracking regardless of the locality. This is not easily achieved because of the 
seasonal variation in ozone concentration in various parts of the country. 
Ozone ranks with oxygen, heat, light, and oils as a deteriorating agent for 
vuleanized rubber. 

This study shows that there are many variables which must be observed in 
order to obtain uniformity in weather aging. Because of a variation in ozone 
concentration from one place to another, outdoor weather-aging results are not 
necessarily the same. During June and July 1951, 188 duplicate exposure 
tests were run in Chicago, II], and Clearwater and Miami, Fla., on commercial 
weatherstrips according to SAE-ASTM procedure. Seventy-seven samples 
(40.95 per cent) gave the same degree of cracking in Chicago and Florida, while 
102 samples (54.25 per cent) showed less cracking in Florida than Chicago. 
Only 9 samples (4.8 per cent) cracked more in Florida than in Chicago. In 
winter these conditions may be reversed. 

The SAE-ASTM ratings given in Table I show that checking in Chicago 
was more severe than in Florida under these conditions. Clearwater, Fla., was 


TABLE 


Cuicaco vs. Exposure 


Less Same degree 
cracking of cracking 
than in i 
Chicago 
Clearwater 68 
Miami 34 
Totals 102 
Per cent 54.25 


* Grand total, 188. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 841-850, April 1952. This 
paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 1951. 
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less severe than Miami, Fla. The number of samples giving a certain rating 
are given for each location, as follows: 
SAE-ASTM rating 


2 3 
Chicago, Il. : 62 26 
Clearwater, Fla. 26 11 
Miami, Fla. ) ‘ 13 6 


It was observed that the exposure rating of a given compound varies from 
day to day. This was due to some uncontrolled variables in materials or 
handling. 

Accelerated tests in an ozone chamber show ozone resistance of rubber, but 
do not take into account the effect of sunlight, water, ete. Some compounds 
which show little or no cracking in an ozone chamber do not show good outdoor 
weathering, and vice versa. 

Fifty-four samples were exposed in Chicago, Ill., and Miami, Fla., and also 
in the ozone chamber for 70 hours at 100° F in 25 parts ozone per 100 million 
parts of air. Thirty-nine of the samples were also tested in Clearwater, Fla., 
and in the ozone chamber. Table II shows that, while the accelerated ozone 


TABLE II 
Ozone CHAMBER vs. OuTDOOR EXPosURE 


Same 
Less degree of More 
cracking cracking cracking 
than in as in than in 
ozone ozone ozone 
chamber chamber chamber 


Clearwater, Fla. 36 8 5 
Miami, Fla. 10 
Chicago, Il. 15 12 


test is more severe than a 30-day outdoor exposure, over 20 per cent of the tests 
show more cracking outdoors than in the ozone chamber. It is possible to 
select compounds on the basis of ozone chamber tests that do not show up well 
on outdoor exposure. 

The following table gives the SAE-ASTM rating of the above samples. 
The ozone chamber gives more severe cracking than Chicago or either Florida 
location, as judged by percentage of samples which rated class 2 and 3. The 
ozone chamber, however, indicates greater ozone resistance than was actually 
observed in Chicago and Miami. In the column rated 0, only Clearwater gave 
more samples with a rating of 0 than the ozone chamber. 


SAE-ASTM Percentage of samples 

Total rating at various ratings 
no. of A 
samples 0 1 3 
Chicago, II. 54 14.8 39.0 i 22. 
Clearwater, Fla. 39 30.5 38.5 : 10. 
Miami, Fla. 54 j 5 11.0 48.0 9. 

Naugatuck ozone 


chamber 54 16 18.4 13.0 29. 


2 
5 
2 
6 


The SAE-ASTM Technical Committee on Automotive Rubber has de- 
veloped a standard method of exposure testing which has resulted in better cor- 
relation between laboratories and has been a useful tool in the improvement of 
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the weather aging of rubber products. It is hoped that a laboratory test can 
be developed which will correlate with outdoor exposure. 

The work of Crabtree and Kemp', Newton*, Williams’, van Rossem and 
Talen‘, Fielding®, Buist and Welding®, and many other investigators has con- 
tributed greatly to an understanding of the effect of light and ozone on rubber. 
Rubber after exposure to weathering may be classified as crazed, cracked, 
chalked, or frosted, depending on compounding and the conditions of exposure. 

Light-energized oxidation produces a crazed appearance, t.e., a network of 
fine irregular cracks in a hard inelastic skin or resinous layer’. This surface 
skins acts as a barrier to ozone, and cracking is retarded for some time. Ex- 
posure to rain leaches out oxidation products, accentuating the crazed appear- 
ance. Temperature changes or flexing may crack the resinous layer, after 
which cracks will form. 

Cracking is produced by the action of ozone on stretched rubber. There 
is enough ozone in the atmosphere to cause cracking, and light is not necessary. 
Other gases which may be present in the air—oxides of nitrogen, sulfur dioxide, 
and chlorine—do not produce cracking‘. Stretched rubber cracks as rapidly 
at night as in the daytime and very often more rapidly in the shade than in 
sunlight. Thompson showed that rubber must be stretched before cracking 
occurs*®. Unstretched rubber absorbs ozone until a film of ozonide is formed, 
but no cracks are produced. 

Frosting is the end product of an oxidation process produced by ozone’. 
A freshly vuleanized surface may become dull and frosted within a few min- 
utes to several hours because of the formation of many minute cracks. 

Chalking occurs during weather aging, particularly on compounds contain- 
ing a mineral loading. It is due to oxidation of the rubber on the surface, re- 
sulting in release of the filler. Chalking occurs late in weathering, while frost- 
ing appears early. 

Ozone is formed in the stratosphere by the action of ultraviolet light from 
the sun on the molecules of atmospheric oxygen. Ozone absorbs the greater 
part of the ultraviolet light from the sun, otherwise life as it exists on earth 
would be impossible. The ozone content of the stratosphere is equivalent to a 
layer 3 mm. thick’®. 

The daily ozone concentration at the earth’s surface varies from 0 to 6 parts 
per 100,000,000 parts of air by volume. Winds and convection currents bring 
the ozone to the earth’s surface, the concentration usually being higher on 
windy days". Heavy rain stabilizes the ozone content by washing gases from 
the air’®. Foggy or sultry conditions may result in total disappearance of ozone 
because of failure of winds to renew the supply”. 

Ozone is a powerful oxidizing gas and destroys bacteria, molds, and odors. 
This oxidation is accelerated by increase in the relative humidity. It is de- 
composed by catalysts, water vapor, and many surfaces. Ozone is reduced by 
organic matter, dust, smoke, nitrogen peroxide, contact with wood, calcium 
carbonate, sulfur dioxide, and metallic oxides”. 


EXPOSURES IN CALIFORNIA 


Failure of weatherstrips in a windshield assembly is illustrated in Figure 1. 
Such failures occurred at the corners, the point of greatest strain, in less than 
90 days in California. Cracking also occurred on the straight section of the 
weatherstrip, but not so frequently as at the corners. Commercial weather- 
strips were exposed for 28 days during December 1949 in Long Beach, Calif., 
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on a 2-inch mandrel. Rubber showed severe cracking, while GR-S gave good 
results. A blend of rubber and GR-S gave good results in one sample, whereas 
the second sample shows cracking (Figure 2C). Photographs of the rubber, 
GR-S, and the blend of rubber and GR-S are shown in Figure 2. 


EFFECT OF HANDLING AND CURING ON EXPOSURE TESTING 


A study was conducted on a standard rubber extruded compound to show 
the effect of handling prior to molding and the effect of extrusion on exposure 


Fie. 1.—Failure of weatherstrips on a windshield. 


testing. This compound, adequately protected by wax, showed that proper 
consideration must be given to the method of handling and curing of a given 
compound. It showed much poorer weather aging when molded than when it 
was extruded. Methods of handling prior to and during molding of this com- 


2.—28-day exposure of commercial weatherstrips in Long Beach, California. 


A. Rubber 
B. GR-S 
C. Rubber-GR-S blend 


pound have an effect on when checking begins, although ultimately failure 
occurred on all samples. Subsequent studies have shown that compounds of a 
higher quality level can be produced, not only with rubber, but especially from 
GR-S and Neoprene. 

An extruded compound (RN 515) was sheeted on a laboratory mill and 
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CURED AT ONCE as 

A- 

CURED AFTER 24HOUR REST 
B-2 8-3 


Fic. 3.—Static exposure tests on rubber molded with and without strain. 


cured with and without strain immediately after removal from the mill. 
Stock was cut to the exact length of the cavity (8 inches) and the length was 
decreased to 5.3 and 2.6 inches using an equal volume of rubber (A-1, A-2, A-3, 
Figure 3). In this way the rubber in A-2 and A-3 was forced to flow during 
molding and was cured under strain. A duplicate set of cures was made (B-1, 
B-2, and B-3) after the milled stock was allowed to age for 24 hours. 

Slabs, } X 2 < 8 inches, were mounted for static exposure testing after 
being shelf aged for 13 days. A small loop was formed around a }-inch rod and 


TaBLeE III 


Static ExposurE Tests 


Cured Sept. 28, 1949, Cured Sept. 29, 1949, 
molded, no rest molded after 24 hours’ rest 


A-2 B-2 B-3 
Oct. 12, 1949, 19 Hours 


Small loop Few faint Slight Slight OK Few faint Few faint 
checks checks checks checks checks 


Large loop OK OK OK OK OK OK 
Series B better than series A; A-3 and B-3 worse than A-2 and B-2 
Ocr. 12, 1949, 22 Hours 


Small loop — Slight Slight Slight Slight Slight Slight 
checks checks checks checks checks checks 


Large loop we! oo Checked Checked OK OK Checked 
checks 


A-1 worse than B-1; A-2 worse than B-2; A-3 worse than B-3 
Oct. 12, 1949, 244 Hours 


Small loop Checked = Checked Checked Checked Checked Checked 
Large loop Checked Checked Checked OK OK Checked 


Ocr. 14, 1949, 67 Hours 
Small loop Checked Checked Checked Checked Checked Checked 


Large loop Checked Checked Checked OK Checked 
checks 
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TABLe IV 


Weatuerstrips Exposep 1x Cuicaco, Ocr. 11 To Nov. 11, 1949 


Rest 

before SAE- SAE SAE- 
Weath- Tubed and eure ASTM ASTM ASTM 
erstrip cured (hr.) 7 days rating 13 days rating 30 days rating 


Sept. 28,1949 None Fewfine 1-2 Slight check- 2 Checkedinonespot 2 
checks ing* only; checking 
slightly intensified 
but not spread in 
area 


Sept. 28, 1949 Few fine Slight check- 2 Checked in one spot 
checks ing only; no increase 
after 13 days 


Sept. 28, 1949 Few fine Slight check- 2 Very slight check- 
checks ing ing in one spot 
only; no increase 
or spreading 
4 Sept. 28, 1949 24 OK c 0 OK 


* Weatherstrip 1 worse than 2 or 3. 


nailed into position. A large loop was formed by folding the long end over to 
meet the end of the short loop. Table III gives the results of observations 
during 13-day (301-hour) and 30-day exposures. 

A weatherstrip was extruded from the same batch used for molding the 


1-B 2-B 


4, 4-, and 24-hour rests 


Extruded stock after cure. 
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slabs. The extruded stock was cured immediately and also after }-, 4-, and 
24-hour rests prior to cure (Table IV). Test samples are shown in Figure 4. 

Observations.— Rubber, when molded under strain, cracked faster than when 
cured without strain. The greater the strain the faster the rate of cracking. 

Aging of the uncured stock before molding decreased cracking. Aged un- 
cured stock, when cured under strain, cracked when exposed to sunlight, but 
at a slower rate than when fresh stock was used. 

Aging of extruded stock before cure decreased cracking on outdoor ex- 
posure. 

An extruded compound showed a much greater tendency to check or crack 
when molded and exposed under the described conditions. 

This extruded stock contains strains which do not disappear during cure 
unless the uncured stock has been sufficiently aged prior to cure. Extruded 
stock aged 24 hours prior to cure gave excellent results on static exposure test- 
ing, whereas stock aged 4 hours or less before curing still contained residual 
strains and therefore cracked on static exposure. 

Several factors should be observed to ensure elimination of as many vari- 
ables as possible in the preparation and evaluation of test samples. Such steps 
are also of major importance in establishing uniform production procedures. 
The factors to be observed vary with the compound and equipment that is 
being used, but having once determined what they are, the procedure should 
be carefully observed. The higher the quality of the natural rubber or GR-S 
compound the less effect some of these variables seem to have on weather aging. 
Unless these factors are controlled and a uniform test procedure is used, it is 
almost impossible for two observers to check with each other, particularly on 
outdoor aging in different locations. 


VARIABLES IN EXPOSURE TESTING 


The variables to be considered in preparing samples for exposure testing 
are: 


2 
3 
4 
5. 
6. 
8. 
9. 


. Masterbatches. 

. Selection of polymers—rubber, GR-S, Butyl, and Neoprene. 
. Effect of dispersion, cleanness, and impurities. 

. Selection of wax. 

Aging of mixed stock. 

Aging of prepared stock before curing. 

Cure stock with minimum flow in mold. 

Effect of lubricants on molded and extruded stocks. 

Effect of methods of molding—compression, injection, and transfer. 
10. Effect of cure. 

11. Aging of samples before mounting for exposure tests. 

12. Not bending or distoring samples during exposure. 


SAE-ASTM EXPOSURE TEST METHOD 


A method of preparing, mounting, and rating samples for laboratory or out- 
door exposure tests has been developed by section IV-P of the SAE-ASTM 
Technical Committee on Automotive Rubber'*. It makes possible the corre- 
lation of exposure tests between various laboratories. 

A triangular test-specimen, 10 inches long, of molded, extruded, or sponge 
rubber, is cured in a straight position. It is recommended that the technologist 


| 

4 

2 


892 RUBBER CHEMISTRY AND TECHNOLOGY 


observe a minimum rest period of 24 hours between stock mixing and stock 
preparation and a minimum rest period of 4 hour between stock preparation 
and curing when preparing specimens. 

Bench marks are placed on the specimen with crayon, 7} inches apart (1} 
inch from ends). The specimens are formed into a loop by placing the ends 
together and tying securely with wire at bench marks. The loop is slipped over 
the mandrel. After the specimens have been mounted, they are rested for a 
minimum of 48 hours at room temperature in a relatively ozone-free atmos- 
phere. This allows time for the wax film, which may have cracked during 
mounting, to reform. Production samples may be prepared and exposed in a 
similar manner. 

The degree of cracking is rated according to the following system, consider- 
ing only the size of the cracks and not the number of cracks formed. 

Rating 
number Description (Figures 5 and 6) 
No cracking visible at 2 X magnification 
No cracking visible at 1 X magnification, but visible at 
2 X magnification 
Small cracking visible at 1 X magnification 
Medium-sized (or larger) cracking 


Cc 


5.—Ratings for weathering tests (2 x). 
A. 0 
B. 1 

~ 

3 


Cc. 
D. 


Figures 5 and 6 illustrate the rating method which has been adopted for 
static exposure tests. Figure 5 is a photograph of a portion of the sample and 
Figure 6 is a photograph of the sample on the mandrel. 

A GR-S compound was molded in a triangular section and tested in an 
ozone chamber, which contained 30 parts of ozone per 100,000,000 parts of air, 
for 70 hours at 100° F. It was also tested on a 2-inch mandrel in Florida for 
30 days and in Chicago for 49 days. Figure 7 shows that the ozone chamber 
produced the most cracking, followed by Florida and then Chicago. All three 
samples show the same tendency toward deep cracking. The ozone chamber, 
therefore, produces the same type of cracking in a short period of time that 
occurs in Florida and Chicago only after a prolonged period of exposure. 

In order to establish reproducibility and reliability of exposure tests on the 
triangular section, 30 pieces, 8 feet long, were extruded from a natural rubber 
and a GR-S extruded compound. Samples from each of the 30 pieces were ex- 
posed in the ultraviolet are chamber at Miami and Chicago. The results show 
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very little difference between the various samples. The order of extrusion has 
no effect on the exposure test results. 

Natural rubber and GR-S compounds were extruded, and injection-, 
compression-, and transfer-molded, in the triangular section IV-P die. Tests 


Fia. 6.—Rating system on a triangular test piece. 


were made on samples aged 48 hours after mounting on a 2-inch varnished wood 
mandrel prior to exposure (Figure 8). On medium quality compounds a 
longer rest period before exposure is beneficial. There was no substantial 


Fig. 7.—Exposed triangular section of GR-S. 


A. Chicago, Oct. 30-Dec. _ 1950 
B. Florida, Nov. 8-Dec. 8, 1950 
C. Ozone chamber, 70 hours os 100° F. 


difference between rubber and GR-S regardless of the method of molding or 
curing when tested in the Pontiac ozone box, or at Miami and Chicago (Table 
V). GR-S gave less cracking than natural rubber in the Crabtree-Kemp 
ozone chamber. Cracking was increased when strains were introduced during 
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Fic. 8.—0-day exposure of natural rubber and GR-S in Florida. 


A. 69070, injection E. 69070, compression 
B. 938347, injection F. 69070, transfer 

C. 69070, extruded G. 938347, transfer 
D. 938347, extruded 


TABLE V 


ExposurE Testinc or Goop Quatity Natural RuBBER 
anp GR-S Compounps 


(Two-inch mandrel) 
GR-S 
A 
Injec- Com- Ex- Injec- Com- 
Tested Extruded tion pression Transfer truded tion pression Transfer 


Pontiac ozone box, 138 hr. 


at room temp. OK OK OK OK OK OK OK OK 


Crabtree-Kemp box, 128 
hr. at 100° Fe 


2and0 2 OK OK landO 


Crabtree-Kemp box, 128 
hr. at 100° F, naphtha- 
washed 4and0 2 


Heated 15 min. at 158° F 2 2 
Heated 2 hr. at 158° F 4 2 


Florida, 60 days, July and " 
August 1950 OK 
Florida, 60 days, Sept. 11- 
Oct. 17, 1950, and Oct. 
20-Nov. 14, 1950 
Chicago, 91 days, Aug. 
22-Nov. 21, 1950 OK 1 — 


* 30 to 35 parts of ozone per 100,000,000 parts of air. 


B 
— 
3 3 2 
2 1 2 and 1 
OK OK OK 
1 OK OK 
OK OK OK 
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injection and transfer molding. Washing with naphtha before exposure in the 
Crabtree-Kemp box was harmful to GR-S except when extruded, but on 
natural rubber the effect was slight (except for one sample transfer molded). 

Heating 15 minutes at 158° F before exposure in the Crabtree-Kemp ozone 
chamber decreased cracking on injection- and compression-molded, natural 
rubber samples, but had no effect on the transfer-molded, although cracking 
was increasing on the extruded sample. Heating for a longer period (2 hours) 
was harmful. Heating 15 minutes at 158° F increased cracking on the injec- 
tion- and compression-molded GR-S, while the extruded and transfer-molded 
samples were unchanged. 


EFFECT OF DISPERSION ON WEATHER AGING 


Cracking is produced or accelerated by various causes, such as grit, 
foreign matter, impurities, and poor dispersion. It is frequently possible to 


TaBLe VI 
DISPERSION STUDIES ON ExposeD SAMPLES 


Rating (old method) 
Cure, minutes 


10 15 20 
Exposure in Chicago 
Jan. 4, 1950 6 6 
Jan. 4, 1950 


6 
March 30, 1950 : 4 4 
March 30, 1950 : 3 

4 3 


March 30, 1950 
Exposure in Miami 


Or 


Dec. 29, 1949 


March 29, 1950 
March 29, 1950 
March 29, 1950 


Rating (SAE-ASTM) 

Exposure in Chicago 

May 9, 1950 3+ 

Jan. 28, 1950 1 to2 

March 13, 1950 1 

March 13, 1950 1 
Exposure in Miami 

May 23, 1950 3 

May 23, 1950 to 2 

May 23, 1950 to 1 

May 23, 1950 to 2 

July and August 

1950 60 0 


predict the weather aging of a rubber compound by observing the type of dis- 
persion. The presence of grit, lumps, and agglomerates at the surface results 
in a strained condition that will produce cracks. Through the cooperation of 
B. R. Silver, the New Jersey Zinc Company laboratories prepared Roninger 
dispersion photomicrographs of compounds which had been exposed in Chicago 
and Miami (Table VI). The purpose in making these photomicrographs was to 
determine if there is any relationship between dispersion and weather aging. 
The photographs shown in Figure 9 are of compounds with the same content 
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of natural rubber, carbon black, sulfur, and accelerator, the only change being 
in wax and stearic acid. The figures which show the best dispersion also gave 
the best weather aging. Samples shown in Figure 9A and B were exposed 30 
days in Florida; A shows better dispersion and also gave better weather aging. 
The samples shown in Figure 9C, D, and E were exposed simultaneously, and 


Fic. 9.—Photomicrographs of exposed rubber compounds of same composition. 
30-day exposure in Florida, 


Figure 9E shows the best dispersion and weather aging. All photomicrographs 
are at 500 magnification. 

Figure 10 represents three natural-rubber compounds, which vary in com- 
position and dispersion characteristics. The compound illustrated in Figure 
10A, although containing an ample amount of wax, consistently showed poor 
weather aging and dispersion, whereas the compound in Figure 10B showed an 


Fig. 10.—Photomicrographs of exposed rubber compounds of different compositions. 


improvement in this respect. The sample shown in Figure 10C showed good 
dispersion and also gave good weather aging. 

A GR-S compound that has given a weather-aged rating in Chicago and 
Florida of 1 and 2 instead of 0 as expected is shown in Figure 11A. The dis- 
persion is extremely poor, and better results should be obtained with improved 
dispersion. In Figure 11B is shown a GR-S compound that has consistently 
given a 0 to 1 rating in the ozone chamber, as well as outdoors in California, 
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Fig. 11.—Photomicrographs of exposed GR-S compounds. 


A. Rating of 1 in Chicago, 2 in Florida 
B. Rating of 0 to 1 in ozone chamber, and in 
Florida, California, and Illinois 


Illinois, and Florida. The dispersion is still not very good, but it is much 
better than the sample shown in Figure 11A. Better results would be antici- 
pated if the dispersion of this stock were improved. 

GR-S-101 is a low-temperature rubber, also available as a masterbatch 
GR-S-X-580, containing 55 parts of Philblack 0 on 100 parts of GR-S-101. 
GR-S-101 and X-580 have been compared in a GR-S extruded compound. 


Fig. 12.—Dispersion in GR-S. 


A. X-580 
B, X-101 


This gave a comparison between carbon black added on a laboratory mill vs. a 
carbon black slurry added to the GR-S latex. Figure 12 shows that a much 
better dispersion was obtained with GR-S masterbatch X-580 (Figure 124A). 
Exposure tests show much better weather aging and less cracking with X-580 
(Figure 13). The exposure rating is presented in Table VII. 


Fic. 13.—Exposure in GR-S. 


A. X-580 
B, X-101 
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TaBLe VII 
Exposure RatTInG? 


Ozone 
Miami, chamber, 70 
May 2- May 8- hr. at 100° F, 
June 2, 1951 June 7, 1951 25 parts /100 
(31 days) (30 days) million 


GR-5-101 3 3 3 
GR-S-X-580 0 2 0 


«Shown in Figure 13. 


In Chicago GR-S-101 showed bad cracking in 3 days. It gave a rating of 
1 in 4 hours and a rating of 2 in 14 hours in the ozone chamber. The GR-S 
masterbatch with improved dispersion is much superior in exposure testing. 


Fig. 14.—Effect of agglomerates and grit on natural rubber under strain. 


A. 45 parts of EPC, 100 parts of natural rubber 
B. 45 parts of residue, 100 parts of natural rubber 
C. Carbon black dispersion 
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The presence of agglomerates and grit in EPC carbon black dispersions in 
natural rubber may cause points of weakness when exposed under strain. 
Figure 14A illustrates the presence of grit, agglomerates, and flocculation at 
500 magnification of 45 parts of EPC carbon black on 100 parts of natural rub- 
ber. Figure 14B shows the dispersion obtained by incorporating 45 parts of 
the residue collected on a 325-mesh screen on 100 parts of rubber. A carbon 
black dispersion which still shows a few small areas of grit at 500 magnification 
is shown in Figure 14C. In order to obtain the best weather aging it is desir- 
able to eliminate grit and agglomerates to ensure good dispersion. 

The effect of various dispersing agents used in the preparation of carbon 
black slurries for GR-S masterbatches on cracking of rubber has been studied 
(Table VIII). This study was undertaken to determine the effect of any 
residual dispersing agent retained in the GR-S masterbatch. 


VIII 


Various DIsPERSING AGENTS IN GR-S-26 
(Triangular and SAE-ASTM rating; control = 0) 


Rating, Chicago* Rating, Miami 
A. 


Dispersing agent Dispersing agent 
Parts /100 GR-S Parts /100 GR-S 
A A 


3 3 


Material 


1 
Chestnut extract 1-2 1-2 
3 


Daxad-11 
Indulin-A 1 
Triton R-100 2 
Marasperse-CB 
Silvacon-490 3 
Sodium hydroxide 

Lomar-PW 1 
Indulin-C 0 
Masonoid-D 3 


« Exposed 83 days, May 2 to July 27, 1951. 
+’ Exposed 30 days, May 8 to June 7, 1951. 


bo 


One, three, and five parts of dispersing agent were added to 100 parts of 
GR-S-26 on a laboratory mill in an extruded compound". Triangular strips 
were molded and exposed 30 days in Miami and 83 days in Chicago. In 
Florida all materials except Marasperse CB adversely affected cracking of the 
GR-S. In Chicago Marasperse CB, Lomar PW, and Indulin C did not affect 
weather aging of GR-S. Triton R-100 and Masonoid D adversely affected 
cracking of GR-S. The remaining materials have only a slight effect. 


PROTECTIVE WAXES IN NATURAL RUBBER AND GR-S 


Rubber and GR-S compounds require the use of a protective wax to give 
good weather aging, although wax alone will not ensure good weather aging. 
Unless a wax blooms and continues to bloom to the rubber surface no protection 
results. Surface protection by addition of waxes which bloom to the surface 
was suggested in 1881!7._ Microcrystalline waxes, which are an essential com- 
ponent of a good wax when used alone, do not bloom to the rubber surface in 
sufficient quantity to afford adequate protection. It is, therefore, common 
practice to blend these waxes with paraffin or low melting microcrystalline 
waxes to give a satisfactory bloom. The flexibility of the wax film and the 
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type of bloom are important. It is often possible to predict the weather-aging 
properties of a compound by observing the nature of the bloom. 

There is strong evidence that a linear chain is superior to a branched-chain 
hydrocarbon. Microcrystalline waxes vary widely in quality. A major ap- 
plication for microcrystalline waxes is based on their electrical properties. 
Waxes with satisfactory electrical properties are preferred in rubber, and they 
should be evaluated in various locations at all seasons of the year. A wax 
which gives good results in Chicago, Ill., may not give good results in Florida. 

A microcrystalline wax was fractionated in order to determine if any of the 
fractions imparted superior weather aging. The various fractions were tested 
in a compound composed of: 

Parts 
Smoked sheet rubber 100 
EPC black 40 
6384 5 
Stearic acid 2 
Zine oxide 5 
Altax 1 
Sulfur 2.5 
Wax 10 


and the results are presented in Table IX. 

There is evidence that the lower the melting point of the microcrystalline 
wax, the better the weather aging; blending of the fractions with paraffin im- 
proves weather aging. In Chicago there was no difference between the various 
wax blends, but in Florida the lower melting fractions gave better weather aging 
than the higher melting fractions. 


TaBLe IX 


FRACTIONS OF MICROCRYSTALLINE WAX 
(Old method of rating) 


Jan. 4— Dec. 29- 
Feb. 6, 1950, Jan. 28, 1950, 
Cure Cure 


Melting 2 10 20 
eS i i min. min. 


L 8617 and L 8618 177, 168 

L, 8619 156 

L 8620 148 

L 8621 140 ) 6 
L 8622 and L 8623 134, 125 5 


75° Microcrystalline wax blended with 25% paraffin at 130° F 


L, 8617 and L 8618 

L 8619 

L 8620 

L 8621 3 
L 8622 and L 8623 3 


Correlation of old method of rating with SAE-ASTM rating system 


Old method SAE-ASTM rating 
2 1 

2 

3 


3 
4 
5, 6, 7 3 plus 


| 
Microcrystalline wax fractions 
i 
= 7 7 
6 7 
| 6 6 
5 6 
4 4 
3 6 6 
‘ 3 5 5 
2 3 2 3 
3 4 4 
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A paraffin wax, melting point 130° F, was fractionated into fractions melt- 
ing as follows: 114°, 120°, 126°, 130°, 136°, and 140° F. These fractions were 
blended in the proportion of 75 per cent Superla Wax and 25 per cent parafin 
fraction. Evaluation of these waxes in rubber showed no difference in Chicago, 
but in Florida showed an advantage for the higher melting paraffin fraction. 

Observations were made as to whether an under- or overcure shows more 
cracking over a range of 5-, 10-, 15-, and 20-minute cures at 316° F. In Chi- 
cago there were 145 compounds that showed no difference in cracking between 
various cures. Forty-three compounds cracked worse on the 20-minute cure; 
30 cracked worse on the 5-minute or shorter cure. In Florida where condi- 
tions were more severe, there were 111 compounds on which the 20-minute cure 
cracked more than the short cures, although 20 compounds cracked more on the 
5-minute cure. There were 92 compounds in Florida that showed the same 
degree of cracking on all cures. 

After vulcanization, some waxes bloom to the surface more slowly than 
others. In general, the long cure of 20 minutes always blooms before the 
shorter cures. When a wax blooms to the surface quickly no difference is 
noted between appearance of bloom on the 5- and 20-minute cures. After 
shelf aging of slabs, the shorter cure of 5 minutes develops the heaviest bloom 
with most waxes. 

There are a number of pyrrole compounds that provide protection against 
ozone'*’, but they are not used commercially. The presence of a chemical 
protective agent in the wax constitutes the next advance in improved weather 
aging of rubber products. NBC (du Pont) is recommended as a good pro- 
tective material for GR-S, but not for rubber. 


EFFECT OF SOME COMPOUNDS ON WEATHER AGING 


Thomson and Lewis!® first called attention to the harmful effect of iron, 
copper, and manganese on rubber. The effect of iron salts has been studied by 
a number of investigators”. Albert, Smith, and Gottschalk* showed that 
soluble iron decreases the resistance of GR-S to aging more than copper or 
manganese. The deterioration of rubber containing copper and manganese 
has been widely observed”. 

Because iron, copper, and manganese are frequently present in rubber and 
various compounding ingredients, it was deemed advisable to study the effect 
of some of their soluble salts on cracking of rubber. At times a good weather 
aging compound shows premature cracking for no known reason. 

Water-soluble salts of iron and manganese and copper stearate, which was 
soluble in many organic solvents, were used. The present observations are 
based solely on the particular salts used. Insoluble manganese, copper, and 
iron compounds have not been investigated in a good weather-aging compound. 
Van Rossem and Talen‘ found that iron and copper compounds have no in- 
fluence on formation of cracks in rubber. In a GR-S compound not protected 
by wax, copper dimethyldithiocarbamate and zine dimethyldithiocarbamate, 
as activators, show no difference in cracking. Unprotected compounds crack 
in a matter of a few hours. 

Sufficient quantities of manganous sulfate, copper stearate, ferrous and 
ferric sulfate were added to a good weather-aging natural rubber and GR-S 
compound adequately protected by wax to give 0.05, 0.005, and 0.0005 part of 
each metal per 100 parts of rubber hydrocarbon. Triangular strips were 
molded and exposed in duplicate in Chicago, Miami, and in an ozone chamber. 
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Natural rubber. —The metallic salts adversely affected cracking of the rubber, 
regardless of the amount added, when exposed for 60 days (December 17, 1950, 
to February 15, 1951) in Miami. 

After 22 days’ exposure in Chicago, 0.05 part of each metal caused cracking, 
while the control was uncracked. Manganese (0.005 part) had no effect; the 
other metals caused cracking. At 0.005 part of metal only ferric sulfate 
caused cracking. After 220 days’ exposure all samples were as good or better 
than the control. 

After 70 hours of exposure at 100° F in the ozone chamber (30 parts ozone 
per 100,000,000 parts of air), manganese had no effect on cracking, copper and 
ferric iron caused the same degree of cracking, and ferrous iron caused the most 
severe cracking. Ferrous iron and copper gave a cracking rate of 1 and 29 in 
5 hours, respectively. 

GR-S.—The metallic salts adversely affected cracking of the GR-S, regard- 
less of the amount added, when exposed for 60 days (December 17, 1960, to 
February 15, 1951) in Miami. 

After 22 days’ exposure in Chicago, all samples except copper (0.0005 part) 
were cracked; the control was still uncracked. After 220 days there was no 
appreciable difference between any of the samples. 

After 70 hours’ exposure in the ozone chamber at 100° F, manganese (ex- 
cept 0.05 part) and ferrous iron accelerated the cracking of GR-S, but after 70 
hours of exposure the samples rated the same as the control. Copper and 
ferric iron accelerated the cracking of GR-S; ferric iron accelerated the cracking 
so that a rating of 1 was obtained in 2 hours. 

These preliminary observations indicate that these metallic salts accelerate 
the cracking of a natural rubber and a GR-S weather-aging compound; their 
presence, therefore, is to be avoided. Prolonged exposure in Chicago showed 
no adverse effect of these salts. Results of the described tests are presented 
in Table X. 

Copper, manganese, and iron naphthenates were added to a natural rubber 
and a GR-S weather-aged extruded compound. A sufficient amount of each 
compound was added to give 0.05, 0.005, and 0.0005 part of the metal per 100 
parts of rubber hydrocarbon. Samples were exposed in duplicate in Chicago 
and Miami. After a 48-day exposure in Chicago, none of the naphthenates 
adversely affected weather aging (Table XI). After 30 days in Miami, copper 
naphthenate had no effect on rubber or GR-S; manganese naphthenate ac- 
celerated cracking of natural rubber, but had little or no effect on GR-S. Iron 
naphthenate accelerated the cracking in both natural rubber and GR-S. 

Neoprene gave better weather aging than natural rubber or GR-S in carbon 
black-loaded compounds. Thompson and Catton have emphasized that 
Neoprene must be properly compounded to obtain good weather aging. The 
percentage of Neoprene by volume should not be less than 50 for best results. 
Clay gave the best results of the mineral fillers; whiting at all loadings adversely 
affected outdoor aging. Substitution of GR-S or natural rubber for Neoprene 
adversely affected weather aging (natural rubber was more detrimental than 
GR-S). 

Butyl rubber when properly compounded and adequately protected by wax 
will give good weather aging. The Midwest Rubber Reclaiming Company™ 
has completed some weathering tests which emphasize the importance of dis- 
persion. When reclaimed Butyl is added to GR-S by a special mixing tech- 
nique, there was no checking after a 90-day outdoor exposure in Barberton, 
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TasLe XI 


Errect or NAPHTHENATES ON CRACKING OF RUBBER AND GR-S 
Rating, Florida’ 


Rating, Chicago 


Metal /100 Rubber Metal /100 Rubber 
: Naphthenate 0 0.05 0.005 0.0005 0 0.05 0.005 0.0005 


Rubber (88-37) 
Control 


Copper 1 2 2 0 1 0 
Manganese 2 1 1 1 0 1 
Iron 2 2 3 2 1 


GR-S (44-65) 


* Control 2 0 
Copper 1 1 1 0 0 0 
Manganese 1 2 1 0 0 1 
Iron 2 1 2 1 1 1 


« Exposed 48 days, Jan. 17 to March 6, 1951. 
+ Exposed 30 days, Jan. 24 to Feb. 23, 1951. 


Ohio, whereas compounds mixed according to ordinary technique show checking 
and cracking (Tables XII and XIII). 


SPONGE RUBBER 
A comparison of Butyl rubber, Neoprene, and GR-S in the applied skin of 
sponge rubber has been made by Yoran™, who found that the thickness of the 
‘: applied skin is important, although it does not appear to be as important with 
Neoprene as with GR-S and rubber. A Buty! cover is unsatisfactory, regard- 
less of the thickness of the applied skin (0.010-, 0.017- or 0.027-inch gage). 


TasLe XII 
Butryt anp GR-S 
A B 


Compound 


GR-S 100 75 75 


“| Butex - 44 44 88 88 

: Cumar-MH 20 20 20 20 20 
Process oil 16 15 15 15 15 
Stearic acid l 1 1 1 1 
Heliozone 5 5 5 5 5 
Philblack-A 55 55 55 55 55 
Hard clay 20 20 20 20 20 
Zine oxide 5 5 5 5 5 
Accelerator A? 1.5 1.5 1.5 1.5 1.5 
Accelerator Be 0.1875 0.1875 0.1875 0.1875 0.1875 
Sulfur 2 | 3 2 2 

Total 224.6875 243.6875 243.6875 262.6875 262.6875 

Specific gravity 1.18 1.21 1.21 1.23 1.23 


* Special mixing technique used. 
* Accelerator A, benzothiazy! disulfide. 
¢ Accelerator B, copper dimethyldithiocarbamate. ° 
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XIII 


90—Day Exposures IN BARBERTON, OHIO 
(June 2 to Aug. 31, 1950) 


Time of 

cure at 

316° F Days for Days for Rating on 
Compd. (min.) rating of 1 rating of 2 Aug. 31 


4 Special mixing technique used. 


TaBLe XIV 


Lafayette, Ind., 30-day exposure 
Aug. 10—Sept. 9, 1950 


SAE-ASTM section Gage (in. X 103) 
Butyl cover 


Neoprene-W 


GR-5 


GR-S, no 
wax 


3 
3 
2 
0 
0 
0 
3 
0 
0 
3 
3 
3 


GR-S, under- 
cure 


GR-S, no 
wax and 
undercure 


oow 


Fig. 15.—Effect of Butyl rubber, Neoprene, and GR-S on sponge rubber. 


A. 0.010-inch gage 
From top to bottom, Butyl, Neoprene-W, and GR-S 
B. 0.017-inch gage 
From top to bottom, Butyl, Neoprene-W, and GR-S 
C. From top to bottom, no wax and undercured; no wax; undercured; and GR-S regular 
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Neoprene is satisfactory at a gage of 0.010-inch, whereas GR-S is not satis- 
factory unless a gage of 0.017-inch is used (Table XIV and Figure 15). 

An undercure improves the weathering resistance of GR-S, but the presence 
of a protective wax is still essential. Outdoor exposure test results were con- 
firmed in the Crabtree-Kemp ozone chamber. 


SUMMARY 


Deterioration of rubber products on outdoor exposure is due to the action 
of sunlight and ozone. Ozone cracking results when rubber is exposed under 
strain. The type of cracking produced by ozone is not produced by other 
elements or materials normally present in the atmosphere. Light-energized 
oxidation produces a crazed condition on the surface of the rubber, which is 
quite different from the effects produced by ozone. This study was under- 
taken to determine the factors which influence the resistance of rubber products 
to ozone. It was found that rubber cured under strain cracks faster than when 
cured at rest. Manufacturing defects, such as blisters, air traps, foreign mat- 
ter, and pigment agglomerates, resulted in premature cracking. Certain 
manganese, copper, and iron salts had an adverse effect on ozone resistance in 
outdoor and accelerated exposure tests. Some dispersing agents used to make 
carbon black slurries for GR-S carbon black masterbatches, showed an adverse 
effect on weather aging. The selection of a polymer, such as natural rubber, 
GR-S, Neoprene, or Butyl rubber, has a marked influence on the ozone resist- 
ance of automotive rubber products. Unless a polymer is handled and com- 
pounded properly, good ozone resistance is net obtained. In outdoor exposure 
the effect of sunlight, ozone, heat, and waiter varies seasonally in Florida, 
California, Michigan, and Illinois. Many tests and much good judgment 
must be exercised in correlating accelerated and outdoor exposure tests. 
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OZONE DETERIORATION OF 
ELASTOMERIC MATERIALS 
PRELIMINARY RESULTS OF A STUDY BY 
INFRARED SPECTROSCOPY * 


A. R. ALLISON AND I. J. STANLEY 


Lanoratory, New York Navar Surpyarp, Navat Base, Brookiyn, N. Y. 


The isolation and identification, by conventional chemical methods, of the 
products of ozone attack of natural and synthetic rubberlike materials have 
been intensively investigated by several workers'. The procedures involved 
are generally intricate and long drawn-out. The present studies were under- 
taken to explore the feasibility of employing the relatively simpler method of 


100 


TRANSMITTANCE, % 


10 
WAVE LENGTH, MICRONS 


Fig. 1.--Relative effects of ozonization and oxygenation of 1 per cent solutions of Hevea 
(smoked sheet) in ethylene dichloride. 


* Rapeiend from Analytical Chemistry, Vol. 24, No. 4, 630-635, April 1952. This paper was presented 
before the Division of Rubber Chemistry at its meeting in Washington, D. C., February 28-March 2, 1951. 
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Fia. 2.—Relative effects of ozonization and oxygenation of 1 per cent solutions 
of GR-S (41° polymer) in o-dichlorobenzene. 


infrared spectroscopy to determine compositional changes affected by ozoniza- 
tion of materials of this type. The ultimate objective is the development of a 
practical method, more fundamental in nature than those currently in use’, for 
the accelerated evaluation of ozone aging of elastomer compounds. 

In this paper, the initial results presented are concerned exclusively with the 
examination of the various elastomers in the crude or raw gum state. The 
polymers were ozonized by the solution method*, and were prepared for infrared 
spectrographic analysis by the technique developed by Dinsmore and Smith‘. 
Essentially, the procedure followed was: 

Purification —The specimen was extracted with acetone (when not ex- 
cessively gelled by that solvent) and 95 per cent ethyl alcohol to remove anti- 
oxidant and residual emulsifying or polymerization agents. 

Solution —The purified polymer was dissolved in a chlorinated hydrocarbon 
solvent. Ethylene dichloride and o-dichlorobenzene were found satisfactory. 
The latter, being less volatile, was preferred. The concentration of the solu- 
tion, before ozonization, was adjusted to contain 1 gram of polymer per 100 
ec. of solvent. 

Ozonization.—Ozonized oxygen, containing approximately 50 p.p.m. of 
ozone as determined by periodic iodometric titration, was bubbled at the rate 
of 0.5 liter per minute through 100 ce. of the polymer solution at room tempera- 
ture. The ozone was generated by passing commercial tank oxygen over an 
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ultraviolet lamp (Hanovia Safe-T-Aire type). The resultant oxygen-ozone 
mixture was led directly through glass tubing 0.5 cm. in inside diameter into the 
body of the solution. The use of absorption aids, such as bubble towers, fritted 
disks, ete., was purposely avoided to minimize decomposition of the ozone. At 
regular predetermined intervals, aliquots of the solution continuously under- 
going ozonization were removed for treatment as described below. 

Evaporation.—Where small amounts of precipitate formed during ozoniza- 
tion, these were removed by careful decantation. The clear solution was gently 
warmed just below the boiling temperature of the solvent, until a sirupy vis- 
cous concentrate of the ozonized elastomer was obtained. 
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Fic. 3.—Relative effects of ozonization and oxygenation of 1 per cent solutions 
of nitrile rubber (Paracril 26 N) in o-dichlorobenzene. 


Film spreading.—A film of the ionized product was cast by spreading a layer 
of the concentrate on a rock salt plate and evaporating to a solvent-free state in 
a vacuum oven at 50° C. Films of increased thickness could be obtained by 
several such depositions on a single plate. 

Spectrographic examination.—Spectral data on the films thus cast were ob- 
tained in the 2- to 15-micron region, using a Beckman Model IR-2 infrared 
recording spectrophotometer. 

For purposes of comparison, spectrograms were also obtained on films from 
the polymer solutions prior to ozonization, and on films in the preparation of 
which the ozonization step was replaced by treatment with unozonized oxygen. 
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Figures 1 to 5, inclusive, show results of application of the above procedure 
to Hevea (smoked sheet); GR-S (cold rubber, 41° ploymer); nitrile rubber 
(Paracril 26 N); Neoprene Type W; and Butyl rubber (GR-I). Although a 
series of at least six aliquots was examined for each polymer solution during a 
24-hour ozonization period, the two ozonization spectra selected show the trend 
of the gross changes observed. 

The arrows point to significant absorption bands. At 2.9 microns, absorp- 
tion is generally considered to reflect hydroxyl (OH) group content. In the 
region of 5.8 microns, absorption indicates carbonyl (C=O) group, whether of 
carboxylic, aldehyde, or ketone origin. At higher wave lengths, the arrows, 
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Fic. 4.—Relative effects of ozonization and oxygenation of 1 per cent solutions 
of Neoprene type W in o-dichlorobenzene. 


where present, designate bands that are characteristic of the polymer at the 
double bond. In Figures 2, 4 and 5, the dotted line curves are spectra yielded 
by reduced film thickness. 

On the basis of the spectra presented in Figures | to 5, inclusive, the following 
general observations may be made: 

Oxygenation alone, under the conditions described, yields a product,the 
infrared spectral characteristics of which are practically identical with those of 
the untreated polymer film. This holds consistently for all the polymer types 
examined, and indicates that no major structural change is effected by the 
oxygen treatment, even though continued for 24 hours. 
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Introduction of 50 p.p.m. of ozone into the oxygen stream effects several 
clearly defined changes in the polymer residue. Hydroxyl and carbonyl 
groups show a progressive increase, while olefinic structure, where present, ex- 
hibits a concomitant deterioration. 

Of the elastomers studied, Butyl (GR-I) differs in two major respects on 
ozonization. The increase in hydroxy] content is relatively negligible, and the 
general decrease in transmittance at wave lengths above 7.0 microns, seen in 
common in the spectra of the other elastomers, does not develop. This would 
imply less structural modification of the Butyl polymer as a result of ozoniza- 
tion. 

100 


© 


vA 
E 
a 
Z 
= 


10 12 14 16 
WAVE LENGTH, MICRONS 


Fie. 5.—Relative effects of ozonization and oxygenation of 1 per cent solutions 
of Butyl rubber (GR-I) in o-dichlorobenzene. 


It is interesting to note, in all the spectra, the absence of clearly defined 
bands in the 11- to 12-micron region which could be ascribed to hydroperoxides 
and epoxy linkages, in accordance with the work of Shreve, Heether, Knight, 
and Swern’. It may be assumed, therefore, that products of this type are not 
present in appreciable amounts in the films examined. 

The spectral changes noted parallel somewhat those of Cole and Field®, who 
reported qualitative effects of air oxygenation at 100° C, and ultraviolet irradi- 
ation at 40° C, on specimens in the solid state, of various polymers and copoly- 
mers of isoprene, butadiene, and styrene. 

In the present work, to estimate the quantitative extent of the variations 


4 \ UNTREATED 
* 
100 
\ 
| 60 | 
20 
¢ 
100 
60 : 
20 
i a 
| 60 
| 
20 


SPECTROSCOPIC STUDY OF OZONE EFFECTS ON ELASTOMERS 913 


(OH) - MGM/ CM® 
A = 0.02089 
B =0.04184 
= 0.06682 
D = 0.1042 
E = 0.1447 
F 
G 
H 


0.2089 
= 0.2784 
0.4184 


| 
29 3.1 
WAVE LENGTH - MICRONS 


25 33 


6.—Isobutyl alcohol in ethylene dichloride. 


observed in hydroxyl! and carbonyl content, as a result of ozonization in solution 
at room temperature, the families of curves shown in Figures 6, 8, and 10 were 
obtain d. In selecting the component pairs on which these curves are based, 
no attempt was made to simulate actual ozonization products. The deciding 
factors were functional group content and suitability for spectral study, from 
the standpoint of forming clear homogeneous solutions or films. 

Variation of functional group concentration was obtained by preparing a 
series of solutions or mixtures of accurately weighed or measured proportions 
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Fic. 7.—-Beer’s law curve for hydroxyl. 2.9-my band. 
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Fic. 8.—Buty! ricinoleate in petrolatum. 


of parent compound to diluent. In Figure 6, the concentrations tabulated 
were computed from the known compositions of the respective solutions, and 
the cell thickness (0.03 mm.), of the single absorption cell used. In Figures 8 
and 10, the concentrations shown were calculated from film weights and the 
supporting area of the rock salt plate, using the method of differential weighing, 
as described by Hunt, Wisherd, and Bohham.’. 
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Fic. 9.—Beer's law curve for hydroxyl. 2.9-my band. 
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In computing absorbance, as used in this paper, so called ‘‘base-line” trans- 
mittance values, obtained graphically from per cent transmittance curves, were 
employed. The base-line technique, as originally described by Wright’, 
facilitates the presentation of quantitative data by compensating for back- 
ground variations and minor differences in film thickness, and by yielding 
analytical curves originating at zero. 

In Figure 6, a displacement toward higher wave lengths with increasing 
isobutyl alcohol content is observed for the 2.9-micron band. This is verified 
by the relative constancy of the 3.4-micron C—H stretching band. In dilute 
solutions of isobutyl! alcohol in ethylene dichloride, the relatively shallow band 
at about 2.77 microns may be considered as reflecting free or unassociated 
hydroxyl. At higher concentrations of the alcohol, hydrogen bonding occurs, 
causing a shift of the hydroxyl absorption peak toward 2.95 microns. 
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Fie. 10.—Oleiec acid in petrolatum. 


In Figure 7, the deviation from Beer’s law caused by this shift is clearly seen. 
The dotted line represents a hypothetical curve for hydrogen-bonded hydroxyl, 
assuming that, at the highest isobutyl alcohol concentration shown, the hy- 
droxyl groups are completely associated. The deviation from rectilinearity 
shown by the plotted data is a function of the ratio of free to hydrogen-bonded 
hydroxyl in this system. 

Figure 8 illustrates the variation in absorption due to hydroxyl concentra- 
tion in a system differing widely from that of Figure 6. Here, the hydroxy] is 
attached to the central portion of a long-chain olefinic radical in an ester, con- 
trasted to attachment to a four-carbon aliphatic radical. Nevertheless, the 
Beer’s law curve of Figure 9 approximates that of Figure 7. The relationship 
between absorbance and the quantity of a functional group is apparently rela- 
tively independent of the structure of the remainder of the molecule to which 
the functional group is attached. Previous confirmation of this has been re- 

* ported by Anderson and Seyfried®, who worked with petroleum hydrocarbons. 
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OLEIC ACID IN PETROLATUM 
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0.93 0,04 0.05 
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11.—Beer's law curve for carbonyl. 5.8-my band. 


The interspersion of the shoulders at 2.7 and 3.2 microns in the curves of 
Figure & is due to deliberate, appreciable variations in film thickness. The 
rectilinearity of the major part of Figure 9 plot demonstrates the effectiveness 
of the base-line technique. 

In Figure 10, the absorption maxima at 5.86 microns, due to carbonyl, show 
a tendency to shift to lower wave lengths with increasing concentrations of 
oleic acid. The plotted data of Figure 11 show substantially good agreement 
with a straight line. 


% 


GR-S FILM _WT.— MGM/CM? 
A= 0.946 
1.983 
3.190 
O* 4.270 


TRANSMIT TANG 


i 
64 


68 


65 66 67 
WAVE LENGTH - MICRONS 


Fic. 12,—GR-S film weight vs. adsorption at 6.67 mu. 
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GR-S FILM WT.— MGM/CM 


1.0 2.0 
Fig. 13.—Beer's law curve for GR-S film weight. 6.7-myz band. 


The curves of Figures 7, 9, and 11 may be used to estimate percentage con- 
centration of the respective functional groups in the ozonized polymers. The 
spectral data of Figures 1 to 5 are utilizable, provided the weights of the polymer 
films are known. These weights may be determined by direct weighing or by 
optical methods. Figures 12 and 13 illustrate an optical procedure for deter- 
mining film weights of GR-S. The measurements are based on variations of 
absorbance at 6.7 microns. This band reflects the phenyl ring of the styrene 
component, and is apparently unaltered on ozonization. The sixteen points of 
Figure 13 are derived from four families of curves, in which is included that of 
Figure 12. It may be assumed from Figure 13 that, within reasonable limits, 
absorbance at 6.7 microns is a specific linear function of GR-S film weight. 

Utilizing this optical method for determination of film weight, Figures 14 
and 15 show the rate of accumulation, percentagewise, of hydroxyl and car- 
bony] groups in GR-S undergoing ozonization. Figure 14 indicates that hy- 
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Fig. 14.—Percentage hydroxyl vs. ozonization time for GR-S gum. 
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droxyl accumulates at a relatively uniform rate, whereas in Figure 15 it is seen 
that the variation of carbonyl content is more complex. 

Francis'® has shown that while the integrated intensity of the band at 5.8 
microns, associated with C=O stretching, is relatively constant for compounds 
of the same type, an increase of as much as 70 per cent is observed in the 
integrated intensity of this band for esters, compared to the corresponding 
value for ketones. 

This would indicate that the failure of the curve of Figure 15 to extrapolate 
through zero may be due to either a more rapid initial build up of carbonyl 
content or an initial preponderance of a structural environment of the C=O 
group different from that prevailing in the period from 2 to 16 hours of ozoniza- 
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Fig. 15.—Percentage carbonyl vs. ozonization time for GR-S gum. 


tion. Nevertheless, in the latter period a good approach to a straight-line 
variation is observed. 


FUTURE WORK 


This investigation is continuing. Curves similar to those of Figures 14 and 
15 for GR-S are being obtained for the remaining crude polymers. It is in- 
tended to include vulcanizates of known formulation in this study, to determine 
the applicability of the procedures described to compounded and cured elasto- 
mer stocks. 


ACKNOWLEDGMENT 


The authors are indebted to Morris Alpert and Alvin D. Delman for valuable 
assistance in the experimental phases of this work. 


SUMMARY 


The work described consists of explorative studies with the ultimate objec- 
tive of developing an accelerated ozone aging test for elastomers based pri- 
marily on compositional changes rather than on the conventional variation in 
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physical characteristics. Infrared spectrographic techniques were found to be 
admirably suited for the reflection of accumulation or depletion of specific 
structural linkages in polymer molecules undergoing ozonization. Purified 
gum specimens of Hevea, GR-S, nitrile rubber, Neoprene, and GR-I were dis- 
solved in chlorinated hydrocarbon solvents such as ethylene dichloride or 
o-dichlorobenzene, and subjected to a stream of ozonized oxygen containing 
approximately 50 p.p.m. of ozone. Infrared spectrograms of films cast from 
the treated solutions show progressive intensification of clearly defined absorp- 
tion bands at 2.9 and 5.8 mu, reflecting the functional groups hydroxy! and 
carbonyl, respectively. Methods for quantitating these changes by calibration 
against reference compounds are described. A means is available for following 
ozone degradation of polymers in terms of specific variations in molecular 
structure. Basic information of this nature is potentially useful in the develop- 
ment of an accelerated ozone aging test correlatable with aging under condi- 
tions of actual service. 
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OZONE CRACK DEPTH ANALYSIS FOR RUBBER * 


Joun S. Ruae 


Tue Gates Rupper Co., Denver, CoLtorapo 


In the past few years, much attention has been given to the weathering and 
ozone resistance of natural and synthetic elastomers. This has been due, in 
large part, to the advent of chemical rubbers in commercial manufacturing and 
acceptance of ozone as the component of natural weather which causes cracking 
of stretched rubber. 

The synthetic elastomers, with apparently poorer weathering resistance 
than natural rubber, have presented rubber manufacturers with a serious prob- 
lem of weather cracking, which has assumed greater proportions than with 
natural rubber. Confirmation of ozone as the agency that causes cracking of 
stretched rubber has provided the basis upon which accelerated tests for simu- 
lated weather cracking have been designed!. 

Being confronted with a serious problem and having a rapid, convenient 
method of testing, the rubber industry is searching for methods of controlling 
or preventing weather and ozone cracking. Much of the development work 
directed toward improving weather resistance uses ozone cracking as a guide. 
As a result, ozone testing and interpretation of results have become very im- 
portant. 

A major deterrent to the wider use of ozone testing and of natural weather- 
ing data is the lack of a satisfactory quantitative method of analyzing the test 
results. (Quantitative data have many recognized advantages and appear to 
be a necessary requirement for exploratory development work in this field. 


PRESENT METHODS 


The present methods of data analysis can be divided into three groups indic- 
ative of the results they yield—-judgment, indirect quantitative, and direct 
quantitative. Most of the methods in common use today are the judgment 
type, where the cracked sample is examined visually, and the rating is developed 
in the mind of the observer. In this group fall photographic ratings’, ink im- 
pressions, and arbitrary visual ratings. The major disadvantage of this type 
of analysis is that it depends on the judgment and experience of the examiner 
for the values obtained; the conclusions may or may not be sound and the rat- 
ings may or may not be reproducible. 

The indirect quantitative methods measure a known property of the ex- 
posed rubber and relate the change in that property to the extent of ozone 
cracking. An example of this type of test is measurement of modulus of the 
rubber after ozone exposure, which relates to reduction of cross-section due to 
ozone cracking and indirectly to the extent of cracking’. A similar test recently 
has been proposed which uses changes in electrical conductivity as the criterion. 
The objection to these types of test is that other influences concurrent with 
weathering or ozone attack may also affect the properties being measured. 
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A direct quantitative method measures directly the changes wrought by 
ozone exposure. There have been few such methods proposed; an example is 
the measurement of the volume of ozone cracks by filling them with a heavy 
material, measuring the change in apparent specific gravity, and calculating 
the volume of the cracks from the difference in the apparent specific gravity. 
The results of this method are reproducible with difficulty because of the delicate 
handling required for accuracy. 

Consequently, a search was made for a method that would yield direct 
quantitative results. The method should be easily performed, not require 
specialized equipment, be independent of human factors, and measure an im- 
portant property in terms of ozone life. The development of the crack depth 
method of analysis is the result of this search. 


THE METHOD 


Crack depth is used as a measure of ozone and weather cracking results. 
This method is based on the premise that the growth of ozone cracks is in- 
separably bound to an increase in crack depth. Powell and Gough‘ have shown 
that crack length and depth progress together, so that either would be an ac- 
ceptable criterion; however, depth is more easily measured. Crack length is 
is difficult to measure because in advanced stages of cracking the cracks grow 
together and lose their identity and personal judgment is required to identify 
each crack length. Crack depth is easily measured in cross-section, requiring 
no personal judgment in the determination of results. 

Crack depth is measured by using a 20 X microscope having a scale divided 
in millimeters, in the field. A relaxed longitudinal sectioned sample containing 


cracks is scanned, and the deepest cracks are measured, because they are the | 


Fig. 1.—Sample as viewed for analysis. 
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active ones—the shallower cracks have ceased to have a directing influence on 
cracking*. The deepest crack and those within 10 per cent of the deepest are 
averaged to obtain the reported value. The data are reported as crack depth 
in millimeters. Reproducibility on replicate samples has been found to be 
+0.05 mm. with the equipment and test methods used. 

Figure 1 shows a sample as viewed through the microscope. In Figure 1 
the majority of the visible cracks are the same depth, varying less than 0.10 
mm. There is no doubt in the viewer’s mind which cracks are the indicative 
ones. 

In order to demonstrate the usefulness of this crack depth method, it is used 
in the experiments that follow as a means of analyzing the results of ozone test- 
ing, in which some of the variables commonly associated with ozone testing are 
employed. Many of these variables have been reported in the literature previ- 
ously, but have not had the benefit of quantitative data. 


EXPERIMENTAL 


xcept as otherwise stated, the following procedure was used: 


Base FORMULATION 


Natural rubber 100.00 
Zine oxide 5.00 
Sulfur 2.75 
Tetraethylthiuram disulfide 0.10 
Benzothiazyl disulfide 1.00 
Stearic acid 0.50 
EPC black 55.00 


The formulation was press-cured 20 minutes at 280° F, in 4 X 6 X 0.10 
inch sheets. Specimens measuring 1 X 6 inches were cut from the plate, placed 
in tension clamps, and elongated to 10 per cent. Two specimens were mounted 
in each clamp, one superimposed on the other, so that cracking progressed from 
one surface in the test specimen, thereby eliminating the effect of relaxation due 
to cracking on both sides of the specimen. 

The specimens were allowed to condition under tension in an absence of 
ozone for 24 hours immediately prior to exposure. Exposure was carried out 
in a Crabtree and Kemp ozone device®, which was modified to include a revol v- 
ing sample basket that levels local differences in ozone concentration within 
the cabinet. The apparatus also contains a variable damper system for more 
precise control of ozone concentration. All tests were run at 70° to 80° F. 

A check of ozone concentration by the potassium iodide decomposition 
method® was made three times during each run. When the concentration was 
changed, concentration checks were made five times to be certain of stabilized 
ozone concentration. The time of exposure and ozone concentration were 
usually varied, and they are indicated in each experiment below. 

Crack depth vs. exposure time.—Crack depth increased directly, but not 
proportionally, to exposure time, confirming previous work*. The curve rises 
rapidly during the first few hours of exposure, after which it flattens and as- 
sumes a relatively constant slope. The change in slope may be explained by 
the hypothesis that, at the beginning of exposure, the ozone at the rubber sur- 
face is being constantly changed and is in close contact with the rubber, 
whereas when the cracks become deeper, the ozone at the depth of the crack is 
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changed less often and becomes exhausted, so that cracking is decelerated. 
Also, as cracking progresses, local relaxation occurs around the cracks, which 
probably contributes to a slackened rate of cracking. 

Crack depth vs. ozone concentration and exposure time.—Ozone concentration 
and exposure time are both controlling factors in crack depth; therefore, knowl- 
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Fic. 2.—Crack depth vs. time. 


edge of the interaction between the two would be helpful in designing experi- 
mental test conditions. The effect of variable exposure time and ozone con- 
centration on crack depth is shown in a trifunctional graph in Figure 3. 

Figure 3 shows that as ozone concentration is increased, the time to a given 
crack depth is markedly reduced. If 0.4 mm. is considered a crack depth at 
which significant cracking has occurred and the time vs. ozone concentration 
necessary to obtain that crack depth is plotted (Figure 8), it is evident that, in 
the range of 7 to 30 parts per hundred million ozone concentration, the time is 
reduced one-half as the ozone concentration doubles. 


100 Hour 


CONDITION 
10% Elongation 


CRACK DEPTH (mm) 
ro) oO 


5 10 5 20 
OZONE CONCENTRATION (p.phm) 


Fig. 3.—Crack depth vs. ozone concentration. Parts per hundred million at various exposure times. 


Figure 3 also shows the crack depth to be expected under a wide variety of 
exposure conditions. This information is useful in determining ozone exposure 
conditions to approximate natural weather cracking when the depth of weather 
cracks is known under given conditions. The laboratory ozone conditions 
may be adjusted to a given crack depth in a variety of exposure periods, de- 
pending on the ozone concentration used. 
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Percentage elongation vs. crack depth.—In Figure 4 the importance of strain 
on the exposed samples can be seen. As the percentage elongation of the sample 
at the time of exposure increases, the crack depth decreases. This phenomenon 
has been explained by Powell and Gough‘, who say in effect that the fewer 
cracks obtained at smaller elongations grow deeper, because the stress is con- 
centrated at fewer points and less relaxation occurs from neighboring cracks. 

This experiment was not designed to show a critical elongation where crack- 
ing is more severe, but to show the general trend. Separate samples were ex- 
posed in increments of 5 per cent from 5 to 50 per cent. This curve cannot be 
extrapolated to zero because there is a peak in the curve, the exact location of 
which is not known. The region between 0 and 5 per cent elongation is an 
interesting one in which to do further work. 

Crack distribution.—-It is generally well known that strain is necessary for 
ozone and weather cracking. Newton? and others pointed out that as cracks 
grow, local relaxation of strain occurs, so that some cracks grow more rapidly 
than others. 

This condition is shown in the seale plot of Figure 5, showing crack location 
vs. crack depth. 
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Fic. 4.—Elongation rs. depth of crack. 


Figure 5 is a profile of cracks in a sample for a length of 7 mm. The length 
of each line in the figure represents the depth of an actual crack and its position 
on the horizontal coordinate indicates its position in the actual sample. 

It is evident from an examination of Figure 5 that some of the cracks have 
grown much more rapidly than others. After 100 hours’ exposure, used in this 
test, there were 35 cracks visible, of which only 13, or 37 per cent, had grown to 
a depth of 0.4 to 0.5 mm. If the sample had been examined under higher 
magnification, it is possible that many small cracks would have been observed 
and thus the percentage of cracks which had grown to appreciable crack depth 
would be further reduced. This finding, that only a small percentage of the 
cracks originated in a sample on exposure to ozone grow to any great depth, is 
in agreement with the earlier work of Powell and Gough‘. 

In the method proposed here for evaluating the results of ozone exposure, 
only those cracks which have reached the greatest depth are being considered. 
In all the experiments reported here, there were always a number of cracks in 
each sample which were nearly equal in crack depth and considerably deeper 
than all the other cracks in the specimen. 


* 
08 
6 
i 
| 
i 
‘ 


OZONE CRACK DEPTH ON RUBBER 


“SCALE PLOT OF CRACK LOCATION vs CRACK DEPTH 
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Fic. 5.—Scale plot of crack location vs. crack depth, 


Constant load vs. constant deflection Samples measuring 1 X 6 inches were 
cut from a single molded plate. One set of samples was placed in a fixture which 
clamped one end of the piece rigidly. The other end of the sample was free. 
A small metal container was attached to the free end of the sample and sufficient 
lead dust was placed in the container to stretch the sample 10 per cent. This 
method of preparation was compared with a method in which a sample was 


stretched 10 per cent and clamped in that position. 

The sample under constant load exhibited creep and, at the end of the 
exposure time, showed greater extension than the sample held at constant de- 
flection. 

Figure 6 shows the crack depth obtained by using the two methods on stocks 
containing equal volume loadings of different carbon blacks. Constant-load 
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Fie. 6.—Constant load vs. constant deflection. 
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Accelerated Ozone 


Shaded Weathering 


(mm) 


CRACK DEPTH 


TIME, HOURS 


Fic. 7.—Correlation of ozone and actual weathering. 
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application during exposure is more severe than constant deflection, as shown 
by deeper cracking. However, the same general trends apply, regardless of 
which method is used. As cracking progresses under constant load, the local 
stress around the cracks increases as a result of reduction in cross-section. 
Using the constant-load method, the effect of stress relaxation is avoided, and 
cracking proceeds more rapidly to a more severe end-point. The constant-load 
method of sample exposure has been proposed as a more sensitive method for 
ozone exposure®. 

Most commercial rubber products operate under constant deflection in the 
areas exposed to ozone or weather. Stress relaxation plays an important part 
in ozone resistance of most products, and the beneficial effects of this condition 
should not be eliminated by the method used. 


CORRELATION OF WEATHER AND ACCELERATED OZONE TESTING 


An experiment was made to determine the correlation between exposure in 
an ozone chamber and actual weathering. 

Figure 7 shows that ozone cracking and actual weather exposure, as meas- 
ured by the crack-depth method, are related. The shapes of the curves are very 
similar, but the values of crack depth are different because of the differences in 
ozone concentration in contact with the samples. It was shown previously that 
in the areas of low ozone concentration, a small change in ozone concentration 
makes a large change in the crack depth. As a result, the difference between 
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Fic. 8.—Time and ozone concentration m9 to produce ozone cracking equivalent to 
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actual weathering and laboratory ozone exposure was marked. At the time of 
weather exposure, the average atmospheric ozone content was 3.5 parts per 
hundred million of air. This lower ozone concentration has resulted in reduced 
weather cracking when compared to the results obtained in the ozone chamber, 
where the concentration was 5.03 parts per hundred million of air. 

In order to show a correlation, the samples exposed to sunlight must not be 
compared to ozone-exposed samples. Sunlight exposure exerts a protective 
influence on weather-exposed samples which is not present in laboratory ozone 
tests. Shaded weather-exposed samples show a correlation with accelerated 
ozone tests. Exposure temperature must be taken into account when attempt - 
ing to correlate accelerated exposure with service exposure’. 

The correlation of the laboratory method with actual service conditions is 
a great asset in reducing experimental findings to practice. A correlation 
exists between ozone crack depth produced in the laboratory and weather 
crack depth produced under natural weather conditions. Figure 8 shows a 
constant crack-depth curve for a range of time and ozone concentration. The 
crack-depth curve is for 0.4 mm., which is the depth obtained on the same stock 
exposed to natural weather for 3 weeks. This curve has proved valuable in 
determining laboratory ozone exposure conditions necessary to duplicate 
weather exposure conditions. 


SUMMARY 


The factors that control weathering and ozone resistance are not fully under- 
stood. A major deterrent to a better understanding of these factors is the lack 
of a satisfactory quantitative method of analyzing the results of ozone and 
weathering tests. A method has been developed which follows the change in 
crack depth as the criterion of the extent of damage that has taken place. It 
has been shown that, when crack growth takes place, the depth increases pro- 
portionally. The depth of the crack is measured with the 20 X microscope in 
a cross-section made normal to the length of the cracks. The major cracks, 
which have the directing influence on the extent of cracking, are the deepest 
ones, and are all nearly the same length. This method has been used to analyze 
results of ozone cracking in which commonly recognized variables were em- 
ployed. The results confirm some previously reported trends with quantitative 
data. This method can be used in measuring the effect of compounding vari- 
ables, where results are desired in terms of a dimension of actual ozone cracking. 
This method is performed with moderate ease, does not require specialized 
equipment, is independent of human judgment, and is directly related to the 
growth of ozone cracks. It should contribute to a better understanding of the 
factors that control weathering and ozone resistance of natural rubber and other 


elastomers. 
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OZONE RESISTANCE OF NEOPRENE 
VULCANIZATES 


EFFECT OF COMPOUNDING INGREDIENTS * 
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In recent years interest in the deteriorating effect of ozone on elastomer 
vuleanizates has increased. This has been, in part, due to the more extensive 
use of elastomeric materials in already established applications and, to the need 
in part, for resilient articles in newly developed services where ozone deteriora- 
tion is known to be very severe. The development and increased use of syn- 
thetic elastomers having ozone-resistant properties differing from those of 
natural rubber also has contributed to the increased interest in this field of 
investigation. 

Two examples of applications in which attack by ozone limits service life 
are the use of products under conditions of exposure to the weather and their 
use in proximity to high-voltage discharges. Although ozone is only one of 
several agents influencing deterioration of elastomeric products on outdoor ex- 
posure, it frequently proves to be the most severe. High concentrations of 
ozone produced by electrical discharges deteriorate most elastomeric products 
so rapidly as to impair their service life seriously. 

The estimated service life of vuleanizates subject to ozone exposure is fre- 
quently based on accelerated tests in artificially produced ozonized air or oxygen 
at concentrations considerably higher than will be experienced in service. As 
in the case of other accelerated aging tests, the significance of the results relative 
to actual service life lessens as the difference between test and service conditions 
becomes greater. Nevertheless, the rubber technologist frequently is called 
upon to produce vulcanizates which will resist attack by ozone at abnormally 
high concentrations in order to meet test requirements which have been estab- 
lished as a quality control for products subject to ozone attack in service. The 
purpose of this paper is to report the effects of compounding on the resistance 
of Neoprene vulcanizates to attack by ozone when subject to such accelerated 
tests. 

Different elastomers vary greatly in their basic resistance to ozone attack. 
Neoprene obtained early recognition as a material markedly superior in this 
respect'. The resistance of Neoprene vulcanizates to deterioration by atmos- 
pheric ozone during outdoor weathering is particularly outstanding’. The 
type of surface cracking attributable to ozone attack, which so often results in 
the failure of less resistant elastomers exposed to weathering, does not appear on 
properly compounded Neoprene vulcanizates even after long outdoor exposure. 
For this reason Neoprene is used extensively in products designed for outdoor 
service. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 850-856. This paper was 
resented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the American 
hemical Society, New York, N. Y., September 4-7, 1951. 
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Conventional Neoprene vulcanizates crack, however, when exposed to con- 
centrations of ozone significantly higher than those encountered during outdoor 
weathering. As would be expected, their resistance to attack at these con- 
centrations is markedly superior to that of elastomers which are subject to 
cracking on weather exposure. Figure 1 shows the comparative effects of 
ozone on vuleanizates of a number of commercially available elastomers. 
These compounds all contained 30 volumes of SRF carbon black per 100 
volumes of elastomer. No waxes were included, and approximately the same 
amount of antioxidant was present. The specimens were subjected to 25 per 
cent strain and exposed for 8 hours to ozone at a temperature of 24° + 1° C, 
and at a concentration of 1 to 3 parts per million. The elastomers tested fell 
into two classes with respect to ozone resistance. Those which may be classi- 
fied as ozone resistant are the general-purpose Neoprenes: GR-I, Thiokol, and 
Hycar PA-21. GR-S, low-temperature GR-S, Buna-N, natural rubber, and 
Neoprene Type FR must be classified as less ozone-resistant. 


Fig. 1.—Effect of ozone on different elastomers. 


GM. Neoprene Type GN FR. Neoprene Type FR 
Neoprene Type W GR-S. Standard GR-S 
ORL Butyl X-478. GR-S X-478 
‘FA. Thiokol Type FA BD-AN. Buna N 
PA-21. Hycar PA-21 Rx. Natural rubber 


The Neoprene samples shown, which have resisted attack by ozone under 
these conditions of exposure, crack, even to the point of breaking, at higher con- 
centrations of ozone or on longer exposure at the same concentration. On the 
other hand, these compounds have been exposed outdoors for as long as three 
years and similar compounds up to eleven years without any visible sign of the 
type of cracking generally associated with ozone attack. This observation 
emphasizes the need for careful interpretation of data obtained from accelerated 
ozone tests when applied to the estimation of outdoor service life under normal 
atmospheric conditions. 


FACTORS AFFECTING SELECTION OF TEST METHODS 


The effect of ozone on elastomers is influenced by a great many variables 
which must be considered before an investigation of compounding is under- 
taken. Some of these variables are so important that slight changes in condi- 
tions of exposure alter drastically the results obtained. It is generally rec- 


‘ 

: 

é 

| 

he 

core. 


930 RUBBER CHEMISTRY AND TECHNOLOGY 


ognized that cracking as a result of ozone exposure takes place only if the vul- 
canizate is under tension. Several investigators’ have shown that the degree 
of tension affects the degree and type of cracking. With certain vulcanizates, 
notably those of rubber and the butadiene-containing elastomers, a so-called 
critical strain or critical stress has been observed, above and below which ozone 
cracking is less severe. 

Neoprene vulcanizates, on the other hand, become more susceptible to ozone 
attack as stress and strain are increased. No intermediate critical range has 
been reported. It has been observed that Neoprene vulcanizates must be 
subjected to both stress and strain of an appreciable degree before they crack 
under the influence of ozone. For example, a test-specimen elongated and 
allowed to relax will not crack though it is still strained. Neither will a stock 
highly loaded with filler crack if stressed insufficiently to place it under a sig- 
nificant strain, even though the stress may be substantial. 


Fig. 2.—Effect of conditioning. 


A, 2 minutes 
B. 30 minutes 
C. 2 hours 

D. 4 hours 

E. 24 hours 
F. 72 hours 


Because of these marked effects of stress and strain on ozone resistance, the 
stress relaxation and modulus characteristics of a specimen can effect radical 
variation of results, depending on the test procedure. This is demonstrated 
by the effects of conditioning stretched samples for various periods of time 
prior to exposure in ozone. Figure 2 shows the results of ozone attack on a 
Neoprene Type GN vulcanizate containing 40 volumes of EPC carbon black 
per 100 volumes of Neoprene. The specimens were elongated 25 per cent and 
allowed to rest for different time intervals prior to exposure. It is obvious that 
the longer the conditioning period the better the resistance to cracking. This 
is attributed to stress relaxation. A gum Neoprene Type GN vulcanizate and 
ones containing 40 volumes of hard clay and 40 volumes of MT carbon black 
were tested, using the same conditioning periods. The clay stock, like the 
EPC carbon black stock previously tested, was known to possess high tension 
set. It also improved in ozone resistance as the time between stretching and 
exposure to ozone was increased. The MT carbon black-loaded stock and the 


\ 
@ 
“Tite 
i 
. 
| 
4 i 
| 


OZONE RESISTANCE OF VULCANIZED NEOPRENE 931 
gum stock, which were known to have low tension set, were less affected by 
conditioning. 

The ozone concentration and the duration of exposure are variables which 
obviously affect the severity of ozone testing and need no further discussion. 
Continuity or discontinuity of testing is another important variable. Stress 
relaxation, as in the case of variation of conditioning period prior to exposure, 
affects the results if ozone tests are interrupted. 

The temperature at which testing is conducted affects the severity as well 
as the type of cracking‘. Increasing the temperature accelerates the rate of 
cracking, with the development of more but smaller cracks. 

If the supply of ozone introduced into the test chamber is small relative to 
the number, susceptibility, and size of test-specimens, it leads to inconsistent 
results. Because ozone combines with the elastomer, the presence of a large 
number of samples highly susceptible to ozone attack results in lower effective 
ozone concentration than would be present if the samples were fewer in number 
or more resistant to ozone attack. This variation becomes most important 
when testing under conditions of limited ozone supply. In like manner, other 
organic matter, such as wood and paper, which reduce ozone to oxygen, lowers 
the concentration. For this reason, all cellulosic material used in an ozone test 
unit should be coated with wax or spar varnish. 

Variations in sample preparation also are known to affect ozone test results. 
Strains induced prior to or during vulcanization’, imperfections resulting from 
flow cracks, porosity, foreign matter, poor dispersion, ete., and surface oxidation 
are variables which must be controlled in order to obtain reproducible results. 


PREPARATION OF TEST SPECIMENS 


Because this investigation did not include a detailed study of variables other 
than compounding ingredients, testing was restricted to an established proced- 
ure. All compounds were mill-mixed. Where several ingredients were tested 
in a common base formula, masterbatches of the base stock were mixed on a 
30-inch mill, and the individual batches were prepared by adding the ingredients 
to be tested on a 12-inch mill. To minimize grain effect, the stocks were care- 
fully sheeted off the mill at 0.08- to 0.09-inch gauge thickness. The uncured 
sheets were stored on stainless steel trays in a dust free cabinet for 24 hours at 
room temperature before curing. Except where otherwise noted, all Neoprene 
compounds were press cured for 20 minutes at 153° C, in the form of laboratory 
test sheets 0.075 + 0.003 inch thick. In the case of compounds designed to 
investigate ingredients, such as antioxidants, which are known to be effective 
in small amounts, precautions were taken to avoid contamination of one stock 
by another. Sheets were cured between cellophane to avoid transfer of the 
variable ingredient from one sheet to another through contamination of the 
mold surface and, after curing, all sheets were separated from each other by 
paper and stored in the dark until tested. 

For testing at constant strain, samples were prepared by die-cutting strips 
}inch wide. These specimens were mounted on a spar-varnished wooden frame 
having parallel members separated 3 inches by means of dowels. The speci- 
mens were attached at }-inch intervals and. except where noted otherwise, 
were elongated 25 per cent. The area surrounding the point where the sample 
was attached to the frame was frequently under a higher strain than the rest of 
thesample. Therefore the ends were coated with molten microcrystalline wax, 
to prevent premature breakage in this area. In all cases twenty-four specimens 
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were mounted on each rack. After elongation of the last specimen, 30 minutes 
were allowed to elapse before exposure to ozone. Figure 3 shows the assembly 
prior to ozone exposure. Photographs were taken at time intervals during the 
test to provide a record of the progress of cracking. General appearance 
based on the frequency and depth of cracks was selected as a basis for rating 
ozone resistance. For record purposes a numerical rating system of from 0 (no 
cracks) to 10 (broken) was applied. Figure 4, showing samples considered 


Fic. 3. —Assembly for testing at constant strain. 


representative of each digit, was used as a reference guide. The sample marked 
4 was judged to represent a more advanced stage of ozone attack than sample 
3 because the cracks are much deeper. The same comparison influenced the 
evaluation of samples 6 and 7. This effect does not photograph well, and the 


subheadings in the figure under the term “‘size’’ are an attempt to explain it in 
words. 

For testing under constant load T-50 dumbbells were used® (ASTM D 599- 
40T). The assembly, as shown in Figure 5, consisted of a spar-varnished 


Ss 
M M 
Fig. 4.—Rating system for ozone cracking. 
S = small 


L = large 
M = medium 


wooden support to which the samples were attached. Lead weights were 
clamped to the dumbbells giving a load of 100 pounds per square inch. A pro- 
tective film of petrolatum was applied around the shoulder of the dumbbell, 
because otherwise a concentration of stresses at this point gave premature 
breaks during testing. Time to breakage was selected as the measure of ozone 
resistance. Good correlation in all cases was not obtained between the results 
of constant strain and constant load testing. This in part may be attributed 
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to the influence which tear resistance had on the breaking time measured in the 


constant load method. 
TEST CHAMBERS 


Two test units were used in this investigation. One unit consisted of a 
cubical chamber, 2 feet on each side, constructed of stainless steel except for a 
transparent Lucite front for viewing the specimens, and a top-opening plywood 
lid well saturated with paraffin wax. Ozone was supplied to the chamber by a 
current of air dried over calcium chloride which was passed at a rate of ap- 
proximately } of a cubic foot per minute over a generating unit consisting of 
two ;s-inch thick perforated aluminum plates approximately 5 square inches in 


Fic. 5.—Assembly for testing of constant load. 


metallic area separated by a 0.012-inch thick mica sheet. A transformer was 
used to supply 1700 volts betwen the plates. Uniform distribution of ozone in 
the chamber was assured by means of an electric fan with 5-inch blades. The 
apparatus was operated at a controlled ambient temperature of 24° + 1° C. 
Ozone concentration varied between 1 and 3 p.p.m. as determined by the 
Crabtree and Kemp method’. Samples were limited to a maximum of six 
frames (Figure 3) under test at one time. All of the specimens for any given 
set of compounding variables were exposed at one time. Tests conducted in 
this apparatus are referred to throughout this paper as having been carried out 
at the low ozone concentration. 
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Because many Neoprene compounds do not crack after unduly long periods 
of exposure at ozone concentrations of 1 to 3 p.p.m., it was necessary to run 
tests in a much higher concentration to determine differences among the more 
ozone-resistant specimens. An apparatus similar to that described in American 
Society for Testing Materials Test Method Designation 470-46T was used and 
test-specimens were exposed to ozone at a concentration of 100 p.p.m.’?. Sub- 
sequently in this paper, tests so conducted are referred to as having been carried 
out at the high ozone concentration. 


EFFECT OF COMPOUNDING INGREDIENTS 


Wazes.—Waxes are the most generally recognized and extensively investi- 
gated compounding ingredients for protecting elastomers from ozone attack. 
If present in amounts exceeding their solubility in the elastomer, they bloom, 
forming a protective surface film inert to ozone. If not disturbed, wax films 
efficiently protect against ozone. However, protective films are easily de- 
stroyed by flexing, rapid and wide changes in temperature, abrasion, and wash- 
ing. The subject having been adequately covered by previous investigators’, 
a study of waxes was not included in this work. 


%, 
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Fic. 6.—Effect of acceleration. Cured at 307° F; top samples for 10 minutes, bottom for 20 minutes. 


A. Permalux 
B. Thionex 


Accelerators.—The ozone resistance of Neoprene vulcanizates containing 
different accelerators and cured for different periods of time to give a range of 
modulus values has been studied. Tests were conducted at both ozone con- 
centrations with specimens under 25, 100, and 300 per cent elongation. Except 
for stocks so undercured as to render them valueless in most applications, differ- 
ences were observed only at 300 per cent strain. Figure 6 shows two Neoprene 
Type W compounds containing 40 volumes of MT carbon black and cured with 
4 parts of magnesia and 5 parts of zine oxide after exposure under 25 per cent 
strain for 30 hours to the low ozone concentration. One was accelerated with 
one part of the di-o-tolylguanidine salt of dicatechol borate (Permalux) and the 
other with | part of tetramethylthiuram monosulfide (Thionex). One part of 
sulfur was included in the latter compound. Cures of 10 and 20 minutes at 
153° C are shown. Under these test conditions no differences in ozone resist- 
ance were apparent. The stress in these samples at 25 per cent elongation 
varied from 85 to 119 pounds per square inch as determined on the Instron 
universal testing machine. Even when tested at 100 per cent elongation, at 
which the stress values varied from 180 to 380 pounds per square inch, no effect 
on ozone resistance was observed. At 300 per cent elongation, however, the 
stress varied from 1150 to 2275 pounds per square inch, and the lower modulus 
stocks were more ozone resistant. 

In addition to the compounds shown, Neoprene Type W vulcanizates ac- 
celerated with 2-mercaptoimidazoline (NA-22), 0.5 and 1 part, and salicylic 
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acid (Retarder W), 1 part, cured for 10, 15, and 20 minutes at 153° C were 
compared. Neoprene Type GN compounds similarly cured containing NA-22, 
0.5 and 1 part, Permalux, 1 part, antimony trisulfide, 1 part, as well as an unac- 
celerated stock, also were compared. Results were similar to those observed 
with the accelerators previously studied. Because in the great majority of ap- 


Volumes 


ty 


Fic. 7.—Effect of loading. 


A, FT carbon black 
B. Hard clay 


plications Neoprene compounds must be relatively well cured and strains 
seldom exceed 100 per cent, variation of modulus by adjustment of accelerators 
and curing conditions does not, therefore, constitute an effective method for 
controlling ozone resistance. 

Fillers —The amount and type of fillers used in a Neoprene vulcanizate 
have a pronounced effect on ozone resistance. In general, with a given filler, 
increasing the loading decreases resistance to ozone attack. Figure 7 shows the 


Fic. 8.—Comparison of fillers at 40-volume loading. 


A. FT carbon black 
B. Hard clay 
C. Natural whiting 


effect on Neoprene vulcanizates, containing varying loadings of FT carbon 
black and clay, of exposure at 25 per cent strain to the low ozone concentration 
for 24 hours. A gum stock as well as stocks loaded with 20, 40, 60, and 100 
volumes of filler are compared. Not only does increased loading with both 
fillers decrease the ozone resistance, but the clay-loaded compounds are less 
resistant than the FT carbon black-loaded compounds. 
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The use of coarse particle-sized fillers, such as natural ground whiting, as 
loading in Neoprene is known to affect outdoor weathering adversely, although 
the type of attack generally attributed to ozone is not apparent under these 
conditions. It also is interesting to note that such fillers have a very adverse 
effect on ozone resistance. Figure 8 shows the results obtained when Neoprene 
vuleanizates containing 40 volumes of FT carbon black, clay, and natural 
whiting, respectively, are exposed at 25 per cent strain for 12 hours at the low 
ozone concentration. Ozone resistance of the stock containing whiting is 
obviously very poor in comparison with that of the stocks containing the finer 
particle-sized materials. 

In addition to the samples shown in Figures 7 and 8, other Neoprene vul- 
canizates containing a number of different amounts and types of loading, in- 
cluding blends of two fillers at different ratios, were tested both at constant 
strain and under constant load. Results of all tests are summarized in Table I. 
It is clear that the adverse effect of loading on ozone resistance is not attribut- 
able solely to increased stress during exposure. Results of test conducted 
under a constant load of 100 pounds per square inch in general follow the same 
pattern as those conducted at constant strain. Extremely heavily loaded 
compounds constitute an exception. In these cases, however, it was observed 
that the load of 100 pounds per square inch imposed was insufficient to produce 
any measurable deflection. It also is observed that among the different fillers, 
there is no correlation between modulus (shown in the table as stress at 300 
pounds per square inch) and ozone resistance. It therefore is concluded that 
the adverse effects of increased amounts and particle sizes of loading material 
on ozone resistance are independent of their effects on the stress-strain char- 
acteristics of the vulcanizate. 

Plasticizers, Softeners, Extenders, and Tackifiers—Liquid plasticizers vary 
greatly in their effect on the ozone resistance of Neoprene vulcanizates. In 
general, the petroleum base types produce a slight though measurable impair- 
ment. A number of commercially available types were tested in a Neoprene 
compound containing 40 volumes of MT carbon black and 20 volumes of the 
oil per 100 volumes of Neoprene. Except for one brand, known to contain 
incompatible fractions, which bloomed forming a protective surface film, all 
were found to produce slightly less ozone-resistant vulcanizates than the control 
containing no oil. The effects of commonly used process oils are so slight, 
however, that they may be used at least up to the amount tested in most Neo- 
prene compounds without concern as to their effect on the ozone resistance. 

Several esters and a number of other types of plasticizers commonly used in 
compounding Neoprene for low-temperature performance were tested in the 
same manner as the petroleum oils. Results are shown in Table II for tests 
conducted under constant strain at the two ozone concentrations and for tests 
under constant load at the low ozone concentration. Although there is poor 
correlation between the constant strain and constant load data, it is evident 
that, in general, the use of ester type plasticizers significantly reduces the ozone 
resistance of Neoprene vulcanizates. 

Some oils from vegetable and animal sources have been found to enhance 
the ozone resistance of Neoprene. Notable among these in decreasing order of 
superiority are linseed, tung, castor, menhaden, soybean, cottonseed, and cornu 
oils. Peanut oil give no improvement over the control containing no oil. 
Coconut oil has a serious adverse effect which may indicate that the degree of 
unsaturation of these oils has a bearing on their ozone resisting characteristics. 
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TaBLe I 
Errect oF FILLeRsS ON OzONE RESISTANCE OF NEOPRENE VULCANIZATES 


Base formula 


Neoprene Type GN 

Stearic acid 

Magnesia 

Zine oxide 

Filler 

Light process oil Approx. 10% wt. of filler 


Type of test Constant strain, 


Ozone concentration Hig 
Exposure time (30 min.) 


prene by (Ib./sq. Hours to 
volume (%) inch) Rating failure 


None 3 
MT carbon black 


FT carbon black 


we 


SRF carbon black 


Broke in ‘st retching 


MAF carbon black 
HAF carbon black 
EPC carbon black 
Hard clay 


o 


Broke in stretching 


2 


Natural whiting 
10 


10 
Broke in stretching 


Natural whiting/clay, 50/50 


Natural whiting/clay, 75/25 


Hard clay A 
B 
C 

Coated precipitated calcium 
carbonate 


Barytes 

Calcium silicate 
Asbestene 

Magnesium carbonate 


937 

load 
| Low 
elonga- 

Neo- tion 

>20.0 

13.5 

60 10.5 

50 2000 8.0 = 

40 9.0 

75 650 13.8 
60 1150 10.5 

50 «1375 9.0 
40-1375 15.0 

75 1900 14.3 
60 13.0 

50 11.0 

2200 16.2 

2500 1 19.0 

800 13.0 

1125 3 12.0 

4.0 

3.0 

225 2.5 

450 2.75 

550 1} i 
600 6 

675 10 

825 10 

975 3 

1075 8 aay 

10 

850 3 

750 3 = 

1125 3 

525 10.5 

250 10 

950 10 a 

775 3 a. 

950 3 
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TaBLe II 
Errect or Liquip PLASTICIZERS 


Type of test Constant strain Constant load 
Ozone concentration High aw Low 
Exposure time (30 min.) 7 Hours 


Rating Rating Hours to failure 


None 4 
Dibuty! phthalate 6 
Dioctyl phthalate 5 
Diallyl phthalate 7 
Dicapry! phthalate 6 
Tricresyl phosphate 6 
Tributoxyethyl phosphate 8 
6 
6 
7 
6 
6 
5 


Dibutyl sebacate 
Dioctyl sebacate 
TP-90-B2 
Plasticizer 
Flexol 3GO¢ 
Flexol TOF* 
Arneel TOD? 
“Supplied by Thiokol Corp. 
* Supplied by E. F. Drew & Co. 
© Supplied by Carbide & Carbon Chemicals Corp. 
4 Supplied by Armour & Co. 


Figure 9 shows a comparison of several vulcanizates containing different vege 
table oils after exposure at 25 per cent strain for 17 hours to the low ozone con- 
centration. Esters derived from castor oil were investigated. Methyl-, butyl-, 
benzyl-, and butylacety] ricinoleates give the same approximate ozone resistance 
as castor oil. Methylacetyl ricinoleate gives less resistance, and a processed 


type of castor oil is relatively ineffective. All compounds tested contained 40 
volumes of MT carbon black and 20 volumes of oil per 100 volumes of Neoprene. 

Several commonly used softeners, extenders, and tackifiers were tested using 
the same amount and same base formula just described. Factices including 
white, amber, and brown varieties derived from soybean, rapeseed, and castor 


Fic. 9.—Effect of vegetable oil. 


A. Linseed 
B. Tung 

C. Castor 

D. Cottonseed 
E. Control 

F. Coconut 
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oils; mineral rubber; coumaroneindene resins of different melting points, and 
butadiene-styrene resins were tested. Little if any effects on ozone resistance 
were noted. This type of material is commonly used in compounding elasto- 
mers for ozone resistance. They are known to produce vulcanizates having a 
high degree of stress relaxation. The test procedure used in this investigation 
permitted only 30 minutes’ time to elapse between stretching the samples and 
exposure to ozone. This was apparently too short a period to allow a sig- 
nificant degree of relaxation to occur. It is concluded, therefore, that if ma- 
terials of this type provide ozone resistance, it only results from the stress re- 
laxation they produce in the vulcanizate. 

Unlike the other ingredients of this type, wood rosin provided a degree of 
resistance to ozone sufficient to warrant its selection in preference to the other 
materials. 

Antioxidants —A number of antioxidants known to protect Neoprene vul- 
canizates effectively against deterioration by oxidation as measured by oxygen 
pressure or oven-aging tests were evaluated for their effects on ozone resistance. 
Some were found to provide excellent protection from attack by ozone, especi- 
ally in the case of compounds designed for dynamic service where protective 
wax film is destroyed and where vulcanizates having high permanent set may 
not be used. Others showed only moderate ozone resistance, and some even 
had a deleterious effect. The concentration of ozone during exposure and the 
amount of antioxidant used had a pronounced bearing on the relative efficiency 
of the different antioxidants on ozone resistance. For this reason, conclusions 
pertaining to comparative effectiveness under one set of conditions will be mis- 
leading if applied to another set of conditions. 


COMPARISON OF VARIOUS ANTIOXIDANTS 


Antioxidants were compared first in gum stocks. One per cent of antioxi- 
dant was used, based on the Neoprene, and vulcanizates were exposed to ozone 
at high concentration, 100 p.p.m., and at low concentration, 1 to 3 p.p.m. 
Tests at the high concentration revealed differences among the more protective 
types which could not be detected at the low ozone concentration. Tests at 
the low ozone concentration permitted differentiation among the less protective 
antioxidants not possible when testing at the high ozone concentration. 

Results obtained at both ozone concentrations permitted classification of 
the antioxidants into the five groups shown in Table III. Those having differ- 
ent classifications at the two ozone concentrations are so indicated. The anti- 
oxidants in Group I provided the highest degree of ozone resistance. These 
were diphenyl-p-phenylenediamine and di-p-methoxydiphenylamine. The 
former is superior by a slight margin. Commercially prepared mixtures of 
these with other antioxidants are likewise excellent ozone-resisting agents. 
Group II lists certain ketone-amines which were found to provide good ozone 
resistance, and Group III shows several antioxidants which provided moderate 
ozone resistance. Antioxidants classified in Group IV were found to be rela- 
tively ineffective when used only to the extent of 1 part, however, as will be 
discussed later, certain of these—notably phenyl-l-naphthylamine, phenyl-2- 
naphthylamine, diphenylethylenediamine, and butyraldehyde-aniline—were 
found to be extremely efficient when more than 2 per cent was used. Anti- 
oxidants which produced vulcanizates having less ozone resistance than the 
control are shown in Group V. Within each group, relative effectiveness was 
difficult to establish; so the order in which antioxidants are listed in a given 
group is not necessarily significant. 
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Figure 10 shows a representative of each of these groupings after exposure 
for 30 minutes at the high ozone concentration and after 48 hours at the low 
ozone concentration. 

Certain of these antioxidants were selected for testing in loaded compounds. 
One part of each was added to base stocks containing 40 volumes of MT carbon 
black, EPC carbon black, and hard clay, respectively. Tests conducted at both 


ozone concentrations generally showed effects similar to those noted in the 


TaBLe III 


Errect OF ANTIOXIDANTS ON OZONE RESISTANCE OF 
NEOPRENE VULCANIZATES 


Common or trade name 


DPPD 


Group Chemical name 


I Diphenyl-p-phenylenediamine* 


Il 


Dip-p-methoxydiphenylamine* 


Diphenylamine-acetone* 
Phenyl-2-naphthylamine-acetone* 


Acetone-aniline’ 

Acetone-p-aminodiphenyl* 

Polymerized trimethyldihydroquinoline* 

Symmetrical di-2-naphthyl-p-phenylenedi- 
amine®4 


Thermoflex 


BLE, Aminox 
Betanox 


Flectol H 
Santoflex B 
Agerite Resin D 


Agerite White 


p-(p-Tolylsulfonylamido) diphenylamine** Aranox 

Antox 

Santowhite Crystals 

Stabilite 

Neozone A 

PBN, Neozone D, 
Agerite Powder 


Butyraldehyde-aniline* 
Dialkylphenol sulfide® 
Diphenylethylenediamine* 
Phenyl-1-naphthylamine* 
Pheny]-2-naphthylamine* 


Diphenylamine 


Heptylated diphenylamine’ Agerite Stalite 


2,5-Di-tert-butylhydroquinone/ 


yhenol) Antioxidant 2246 


Phen ylphenol’ Parazone 
{ydroquinone monobenzylether/ Agerite Alba 


* Very effective when used in greater amounts than 1%, based on the Neoprene. 
> Increases somewhat in effectiveness when used in greater amounts than 1%. 
¢ Becomes more effective at low ozone concentration when used in greater amounts than 1%, but not at 


high ozone concentration. 
4 At low ozone concentration is classified in Group II. 
« At low ozone concentration is classified in Group IV. 
‘ Becomes more deleterious when used in greater amounts than 1%. 


gum stocks. The adverse effect of fillers on ozone resistance increased the 
difficulty of determining the relative efficiency of the less effective antioxidants, 
even in the tests conducted at the low ozone concentration. This was especi- 
ally the case in stocks containing clay and EPC carbon black. 


EFFECT OF ANTIOXIDANT CONCENTRATION 


The effect of antioxidant concentration on ozone resistance was studied. 
Gum Neoprene compounds containing 1, 2, 5, and 10 parts, respectively, of all 
the antioxidants previously studied were compared at the high ozone concentra- 
tion. In most cases, as the amount of antioxidant was increased, differences 
in the degree of their effects on ozone resistance were accentuated markedly. 
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Fie. 10.—Effect of 1% antioxidant. 


A, Low ozone concentration 
B. High ozone concentration 


It will be noted by reference to the footnotes under Table III that certain anti- 
oxidants, which were relatively ineffective when only 1 per cent was used, be- 
came highly effective when used in larger amounts. Those which increased 
only moderately in effectiveness when their concentration was increased also 
are identified. The antioxidants listed in Group V became more injurious to 
ozone resistance as their concentration was increased. Two outstanding ex- 
amples are shown in Figure 11. One per cent of Neozone A (chemical name 
listed in Table III) afforded no measurable protection after exposure for 60 
minutes to the high ozone, but when 5 per cent or more was used, no cracking 
was induced after a 24-hour exposure. Contrarily, the compounds containing 
Parazone under the same test conditions became progressively worse as the 
antioxidant concentration was increased. 

In a number of cases the comparative position of antioxidants relative to 
ozone resistance was reversed by changing the concentration of antioxidant and 


ye 


Fie. 11.—Effect of antioxidant concentration. 


A. Neozone A 
B. Parazone 
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concentrations of ozone. An example is shown in Figure 12 in which gum Neo- 
prene compounds containing 1 and 5 parts of Antox and Agerite White, re- 
spectively, are compared. At a concentration of 1 per cent, the stock contain- 
ing Agerite White is superior to the stock containing Antox after 48-hours’ 
exposure at the low ozone concentration. After a 1-hour exposure, at the high 
ozone concentration the two stocks are essentially equal. A comparison of the 


1 part 
Antox 


1 part 
Agerite 
White 


5 part 
Antoxs 


5 parts 
Agerite 
White 


Fie. 12.—Effect of varying concentration of ozone and antioxidant. 


A. Low ozone concentration 
B. High ozone concentration 


two antioxidants at the 5-part level when tested at the low ozone concentration 
shows them to be equivalent. At the high ozone concentration, however, the 
stock containing 5 parts of Antox is vastly superior to the one containing 5 
parts of Agerite White, the latter showing no improvement in effectiveness 
as its concentration is increased. Because the effectiveness of some antioxi- 
dants changes, depending upon the amount of antioxidant and the ozone con- 
centration, conclusions based on one set of test conditions will be misleading 
if applied to another. 
IV 
SoLuBILITY OF ANTIOXIDANTS IN NEOPRENE VULCANIZATES 
Per cent 


Thermoflex 

DPPD 

Neozone D 

Agerite White 
Stabilite 

BLE 

Aranox 

Agerite Alba 
2,5-di-tert-butylhydroquinone 
Antioxidant 2246 
Santowhite Crystals 
Parazone 


Certain of the antioxidants studied were not soluble in Neoprene vulcaniz- 
ates up to the maximum limit (10 parts) at which they were tested. What 
effect this may have had on ozone resistance is not known. The antioxidants 
shown in Table IV produced a visible bloom on gum vulcanizates when added 
to the Neoprene in the indicated amounts. The others shown in Table III ap- 
parently were soluble to the extent of 10 per cent. 


| | 
A B 
tc 
F 
: 
} 
| 
2 
H 
5 
2 
| 10 
10 
5 
10 
2 
10 
5 
2 


OZONE RESISTANCE OF VULCANIZED NEOPRENE 


EFFECT OF ANTIOXIDANTS PLUS WAXES 


All of the antioxidants used in this investigation also were tested in com- 
pounds containing wax in order to determine whether the protection offered by 
wax would obscure the benefits derived from the antioxidants. Tests were con- 
ducted using 2, 5, and 10 parts of the antioxidants in gum Neoprene stocks con- 
taining 3 parts of Heliozone. Because of the additional protection provided 
by the Heliozone, it was necessary to use longer exposure periods at the high 
ozone concentration to induce cracking. The results show that in the presence 
of the wax, the differences in degree of ozone resistance conferred by the anti- 
oxidant were even more pronounced than in its absence. 

In compounding Neoprene for the ultimate in ozone resistance, it is advis- 
able to use the maximum quantity of the most protective types of antioxidants. 
The solubility limits generally must be recognized in order to avoid bloom. If 
the application permits the use of waxes, the film formed by them masks the 
antioxidant bloom. If it is not desired to exceed the solubility level, a blend of 
antioxidants is in order. A typical Neoprene cable-jacket compound having 
the following formula was tested: 

Neoprene Type GN-A 
Pheny]-2-naphthylamine 
Di-p-methoxydiphenylamine 
Diphenyl-p-phenylenediamine 
Phenyl-1-naphthylamine 
Stearic acid 
Magnesia 
EPC carbon black 
Hard clay 
Heliozone 
Light process oil 
Zine oxide 
Permalux 

«5 parts of Thermoflex A were used. 


tw = 


The solubility limit of none of the antioxidants used was exceeded. This com- 
pound had exceptional ozone resistance, withstanding exposure at the high 
ozone concentration for 144 hours, after which time it was removed without 
having cracked. 

SUMMARY 


The resistance of Neoprene vulcanizates to attack by ozone as measured by 
accelerated tests has been studied. The known superiority of Neoprene in this 
property was found to be affected more by compounding ingredients than 
previously recognized. It was found that neither the presence of accelerators 
nor their influence on the modulus of fully cured Neoprene vulcanizates 
affected ozone resistance. The addition of fillers impaired ozone resistance in 
proportion to the amount used. The coarse particle size fillers were particularly 
harmful. Petroleum base plasticizers had a negligible adverse effect, but 
certain of the ester and similar types were significantly deleterious. Un- 
saturated vegetable oils and their derivatives, as well as wood resin, are bene- 
ficial to ozone resistance. Certain softeners and extenders frequently used to 
promote ozone resistance so function only by virtue of the stress relaxation 
they induce in vulcanizates. A number of antioxidants, especially those which 
reduce flex cracking are powerful ozone-resisting agents, particularly when used 
in large quantities. Certain of the nondiscoloring type of antioxidants are 
harmful to ozone resistance. 
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OZONE IN LOS ANGELES AND 
SURROUNDING AREAS * 


A. W. BarTEL 


Unitep Srates Russer Co., Los AnGeves, 


AND 
J. W. Tempe 


Unrrep States Ruspper Co., Derrorr, Micu. 


For a considerable time, it has been apparent that rubber products exposed 
to the atmosphere in the Los Angeles area develop surface checking more rapidly 
than in most other parts of the United States. A plausible explanation would 
seem to be that ozone concentrations of the region are relatively high. Inquiry, 
early in 1949, failed to develop any information on surface ozone concentrations 
for the Los Angeles area, and it was decided to make a few orienting determina- 
tions; these were subsequently expanded to many, and the results are reported 
herein. 
Determinations in meteorological circles by spectroscope or spectrophotom- 
eter deal with ozone in the total atmosphere, with the clear recognition that : 
the great bulk of the measured amount is in the stratosphere or above. It is : 
generally considered that this stratosphere ozone is by far the major source of 
surface ozone, which is brought down by convection currents and thereafter is 
subject to movement and decomposition from factors of weather, geography, 
photochemistry, and both natural and man-made contaminants of the lower 
atmosphere. It is not surprising that concentrations should vary from one ; 
location to another and from season to season. : 
On the basis of cracking bent rubber samples during warehouse exposure for 
45 days (September 15 to November 1, 1949) Nellen, Dunlop, Glaser, and 
Landes! rated the severity of cracking at a large number of locations. Typical 
ratings of severity, including the extremes, were: Santa Monica, 420; Los 
Angeles and Denver, 360; Long Beach, Calif., 330; Dallas and Boston, 150; 
Washington, D. C., and Portland, Ore., 30; New York, Seattle, Atlanta, and j 
Conshohocken, Pa., <30. 
Various excellent review articles have been contributed on the action of L 
ozone on rubber, among which may be mentioned those of Newton’, of Crabtree 
and Kemp’, and of Fielding‘. Crabtree and Kemp have provided the design 
for a convenient method of analysis. 


METHOD 


The apparatus employed was that of Crabtree and Kemp’, whose design is 
especially appropriate for the type of measurements desired for this study. It 
consists of an absorption bottle into which there is sprayed, by force of the in- 

Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages April 1952. 


This paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, September 4-7, 1951. 
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coming air sample, a fine mist of potassium iodide, dissolved in buffer solution 
adjusted to pH 7. The mist partially condenses in the bottle and is then trans- 
ported by the moving air sample, upward through a tube to its original reservoir, 
from which the solution returns to the spray orifice, to be met by fresh incoming 
air. The air sample is pulled by a vacuum and measured by a suitable flow- 
meter. The reservoir is suitably trapped to prevent loss of droplets through 
the vacuum outlet. 

Iodine released by the ozone (or any other oxidant which may be present 
and effective) is then titrated with 0.001 N sodium thiosulfate (Na2S.0s3), 
using an electrometric end point depending on the depolarizing effect on plat- 
inum electrodes of minute traces of free iodine in solution. 

Since potassium iodide in solution is photochemically oxidized to iodine in 
the presence of light, the whole apparatus was enclosed in a cardboard box 


Tm 
mie, 
ty, 
SAN GABRIEL ¢ 


MOUNTAINS SAN ANTONIO 
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METROPOLITAN 


M7. 4435 VALLEY 


Pacific Oc5ean 


Fig. 1.—Location of test stations. 


with openings only for air inflow and vacuum line. Tygon tubing was used for 
the inflow line. The complete apparatus was assembled without difficulty in a 
casing suitable for transportation and field operation. 

At the fixed Los Angeles laboratory, the source of vacuum was a Hy-vac 
pump, and for determinations at remote points, the vacuum was obtained from 
the manifold vacuum line of the car. 

In most cases, sampling was for a 10-minute period at the rate of 5 liters 
per minute. With this 50-liter sample, the titer for a 10 parts per hundred 
million (10°) by volume ozone equivalent in the sample is about 0.5 ec., and 
using a microburet, this was handled without any particular trouble. 

Replication—Most of the data of this report are from individual, non- 
replicated determinations. Consecutive runs had indicated that appreciable 
variation of values can occur along the hourly time axis, and that replicates, if 
made, should be for brief measuring periods. On several occasions, checks 
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made in replicate for two successive 10-minute periods yielded the following 
pairs of results: 5.3, 5.6; 28.8, 24.4; 13.6, 15.2; and 19.3, 18.7. 

Various confirmations of the general magnitude of the figures were obtained 
from independent determinations made by another agent. For example, on 
August 24, 1949, the reported figure was 44 parts per hundred million. Data 
taken on the same day, at 12:00 noon, by Stanford Research Institute® are 
read from its chart as about 40. 

RESULTS 


A permanent sampling station was established on the roof, 30 feet above the 
ground, at the plant of the United States Rubber Co., located in Los Angeles, 


TABLE I 


Ozone EQuiIvALENT aT Los ANGELES 
(By half-month periods, March 1949 to March 1950) 


Ozone equivalent 
(parts /hundred million) 


Period Max. Min. 


1949 
March 1-15 
16-31 


> 
< 
® 


— 


Chm DODD 


April 
May 


June 


9. 
20. 
8. 
8. 
10. 
8. 
9. 


July 


Aug. 
Sept. 
Oct. 


Nov. 


| 


WO 


March 1-15 
16-31 


about 6 miles southeast of the business center of the city. The map, Figure 1, 
shows this location and other points of sampling to be described later. 

At the permanent station, beginning early in March, determinations were 
made on 192 days over a period of 13 months. Some preliminary tests seemed 
to indicate that a daily peak period for atmospheric ozone came between 12:00 © 
noon and 2:00 p.m., and in the main those were the periods covered. 

The fluctuations from day to day were considerable. In order to picture 
over-all results, the data have been averaged for half-month periods, with 
results given in Table I. Since, as will be discussed later, it cannot be stated 


No. of 

= 

4 19.6 = 
6 19.0 pee 

1-15 2 26.8 
16-30 5 15.2 ee 

1-15 5 21.7 

16-31 8 30.0 = 

1-15 12 41.5 
16-30 10 45.8 me 

16-31 12 34.5 a 

1-15 7 45.7 Pe 

16-31 9 48.5 

1-15 8 51.0 a 

16-30 10 46.2 ne 

1-15 9 45.6 

16-31 9 54.2 — 

16-30 6 48.5 

Dee. 1-15 9 46.4 
16-31 7 17.2 ae 

1950 
Jan. 1-15 5 5.8 
16-31 8 39.5 

Feb. 1-15 ll 36.8 
16-28 5 25.6 
13 38.0 
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that the iodine release is due exclusively to ozone, the comprehensive term 
ozone equivalent has been applied to the data obtained. 

Because of interest in possible geographical and industrial factors as deter- 
minants of apparent ozone, use was made of the portability of the sample to 
obtain data from spots well removed from Los Angeles proper. 

The United States Rubber Company operates a tire-test station about 75 
miles north of Los Angeles, at Lancaster, California, on U. 8. Highway 6. 
Lancaster is a ranch town on the edge of the Mojave Desert and is separated 
from Los Angeles by a mountain range of 5000 to 6000 feet elevation. One of 
the authors took air samples at this location with the wind blowing from the 
north and northwest from across the desert, with visibility unlimited, and ap- 
parently no possible chance of air contamination from the metropolitan area. 


TaBLe II 
Ozone EQUIVALENT AT Noncity StTaTions—1949-1950 


Comparable half-month, 
Ozone equiv. Los Angeles 

(parts /hundred A 

million) ; Min. 


Lancaster, Calif. 


5-10-49 9:00 a.m. 
1:00 p.m. 

8-9-49 11:05 a.m. 
12:00 Noon 

1:00 p.m. 

2-15-50 =11:15 a.m. 
12:00 Noon 


8.0 
22.0 


SARIS SH 
tm 


Morongo Valley, Calif. 
4-3-49 9:49 a.m. 
1:15 p.m. 

8-10-49 p.m. 
12-6-49 11:00 a.m. 
1-22-50 12:30 p.m. 


Point Dume, Calif. 


5-25-49 10:55 a.m. 
12:00 Noon 

1:00 p.m. 

2:00 p.m. 


Air samples were taken in Morongo Valley on the Colorado Desert at the 
base of the San Bernardino Mountains, 110 miles southeast of Los Angeles. 
The test spot was on the far side of the mountains from Los Angeles and the 
city of San Bernardino, and it is definitely not an industrial region. Other 
samples were taken at Point Dume on the Pacific Coast 50 miles northwest of 
Los Angeles. 

In 1951, some measurements were made on San Antonio peak in the San 
Gabriel Mountains. The station was at Camp Baldy, at an altitude of 6000 
feet. 

The results are shown in Table II with comparable data from Los Angeles 
tests. 

The data of Table I for Los Angeles have been assembled into a chart 
(Figure 2) to show the general trend of apparent ozone concentrations during 
1949. Despite some irregularity, they show a considerable peak during the late 


21.7 12.3 
45.7 34.7 
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Fia. 2.—Trend lines for ozone equivalent, maximum temperature, and relative humidity 
at 12:00 noon in Los Angeles by half-month averages, 1949. 


summer. This does not parallel the general story of meteorologists’ that for 
this latitude there is a spring peak and a fall dip in the amount of stratosphere 
ozone. 

For comparison with the ozone equivalent trend line, daily maximum tem- 
perature data and relative humidity readings taken at noon each day at the 
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Fie. 3. Coes of ozone equivalent, maximum temperature, and relative humidity 
2:00 noon in Los Angeles for May and June 1949. 
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% REL. HUMIDITY 


JULY 1949 AUGUST 1949 


OZONE EQUIV.—PTSA0* 


4.—-Comparison of ozone equivalent, maximum temperature, and relative humidity at 
12:00 noon in Los Angeles for July and August 1949. 


Los Angeles weather bureau were plotted. In these three trend curves, there 
is no particular correlation apparent, except for the point, possibly accidental, 
that the ozone peak is at the time of highest temperatures. 

Although the trend lines show no correlation, this is not necessarily true of 
the detailed day-to-day data. Figures 3, 4, and 5 give some of the daily figures 
for ozone equivalent, daily maximum temperature, and relative humidity at 
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Fie. 5.—Comparison of ozone equivalent, maximum temperature, and relative humidity at 
12:00 noon in Los Angeles for September and October 1949. 
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noon. There seems to be better than random correlation in some of the peaks 
of high ozone, high temperature, and low relative humidity, but no attempt has 
been made at a mathematical examination of this point. 

Some general observations may be made regarding the data. 

First, the ozone equivalent values are unusually high in most of the Los 
Angeles data. If the bulk of active agent is indeed ozone, it is not necessary to 
look further for the cause of rubber checking. 


# LANCASTER 

® MORONGO VALLEY 
& POINT OUME 

LOS ANGELES 


OZONE EQuiv. PTS.s/10° 


’ a 


1949 1950 


Fic. 6.—Ozone equivalent data for 1949—noncity stations rs. Los Angeles. 


The high figures apply not only to Los Angeles proper, but to the several 
locations at some distance away, which were chosen with the thought that they 
would be relatively free from some of the geographic and industrial factors that 
might influence results in the city itself. 


TaB_e III 
Ozone EQUIVALENT aT VARIOUS StTations—1951 


Ozone equiv. 
No. of (parts /hundred million) 
deter- A 
Location Date minations Max. Min. 


Los Angeles, Calif. May 15 1 
18-31 8 18.2 


June 2-14 18.5 

20-30 15.2 

July 16-30 17.4 

Lancaster, Calif. June 13 - — 


Morongo Valley June 3 
Mt. San Antonio June 8 
(6000-foot elevation) July 3 
Detroit, Mich. May 28 - - 
June 21-28 é 2.5 
Washington, Mich. June 7 — - 


A picture of the relation of the data from outlying points to that of the city 
itself is obtained if, as in Figure 6, the average daily data from those points are 
superimposed on the 1949 ozone equivalent trend curve of Figure 2. (The 
vertical scale has been doubled in order to magnify differences.) It then be- 
comes apparent that they fit satisfactorily in the general family of city data, 
except during the peak period of late summer. None of the individual values 
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obtained at these locations approached the values around 50 which were oc- 
casionally found at the city station. This conceivably could be due to acciden- 
tal choice of the days of determinations, but one is inclined to believe that some- 
thing more fundamental is involved. 
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Fia. 7.—Ozone equivalent data for 1951 compared with Los Angeles trend curve for 1949. 


As an item of interest, a number of new determinations were made during 
the summer of 1951 at some of the same locations in California and a few deter- 
minations were also made at Detroit. Detroit measurements were made on 
Belle Isle in the Detroit River, which in itself is a city park, but within a few 
miles of many industrial plants. Washington, Michigan, is a small village 


Fy about 20 miles north of the edge of Detroit, in a predominantly rural district. 
. These 1951 data are given in Table III. Their relationships to the trend line 
: of 1949 are shown in Figure 7. 

; The current data have not, as yet, reached the magnitude of those for 1949. 


During the summer of 1951, the data from outlying points in California were in 
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Fra. 8,—Ozone equivalent levels at Murray Hill, N. J., 1944 (Crabtree and Kemp), 
compared with Los Angeles, 1949. 


no way discordant with those from the city station. Levels around Detroit 
during the same period were far below those of the Los Angeles region. 

The data offered by Crabtree and Kemp? for the year 1944 at Murray Hill, 
New Jersey are of interest as showing a distinctly lower level of ozone equivalent 


* 
| 
| | | 
An 40 
H 
; 


ATMOSPHERIC OZONE IN AND AROUND LOS ANGELES 953 


but with something of the same peak during the late summer months. Their 
daily values have been estimated from their published chart, averaged by } alf- 
month periods, and in Figure 8 are plotted as a trend curve in comparison with 
the Los Angeles trend curve for 1949. 


SIGNIFICANCE OF OZONE EQUIVALENT 


In the determination of ozone by iodine release from potassium iodide any 
oxidant, effective under the conditions used, can release iodine and thus inter- 
fere. Particularly since the ultimate amount of ozone is so small, a small 
quantity of any effective contaminant will give serious interference. 

This warning has been stated frequently. Crabtree and Kemp discussed 
it, particularly with reference to oxidative interference by nitrogen dioxide, 
and quoted earlier authors® to the effect that the interference is probably 
negligible in low concentrations at pH 7. Crabtree and Kemp made tests of 
their own, and to quote, “found by trial that nitrogen peroxide, even in con- 
centration three- or fourfold that of the atmosphere, does not liberate iodine 
from potassium iodide by the procedure described’. They also sought in 
their air samples other peroxides which would release iodine from the buffered 
solution, but found none. Nevertheless, they warn that possible interferences 
should be kept in mind. 

One of the present authors performed a brief experiment which agrees with 
Crabtree and Kemp. Air from across the surface of beakers containing, 
respectively, fuming nitric acid, hydrogen peroxide, and Uniperox 60 was 
passed through the ozone absorber without any liberation of iodine. 

In contrast to these results, Stanford Research Institute® reports that nitric 
acid and nitrogen dioxide responded to the Kemp and Crabtree method for 
ozone exactly like ozone itself. They conjecture that the buffer on the spray 
of the droplets may have been overwhelmed by carbon dioxide or by acid im- 
purities. Their experiment is not reported in detail. 

Haagen-Smit®, writing within the past year in a condensed and general 
review of the air-pollution problem in Los Angeles, is of the opinion that ozone 
accounts for only a minor part of the frequently high oxidant power of Los 
Angeles air and discusses the complex nature of the sum total of contaminants 
present. He suggests mechanisms leading to the formation of nitro-organic 
compounds and peroxides, and he cites an experiment by C. E. Bradley of the 
California Institute of Technology, wherein typical ozone checking of rubber 
was induced by the joint effect of air, nitrogen dioxide, and sunlight. 

Obviously, there is some uncertainty as to the incidence of interference, 
particularly as to its quantitative importance in the type of study reported 
here. To the authors, it seems that useful evidence may be had from consider- 
ation of the comparative data between our noncity and city stations. 

Geographically, these stations are of the same region. From observation, 
the evidence of Nellen, Dunlop, Glaser, and Landes' and a great amount of 
quite convincing hearsay evidence, they are of the same high level with respect 
to the occurrence of rubber checking; in the authors’ determinations they also 
show the same levels of ozone equivalent. 

However, some of these outlying stations are outside the mountain barrier 
which tends to contain high concentrations of industrial contaminants in the 
metropolitan district, and their distance from concentrations of population and 
industrial activity should at least greatly reduce the magnitude of interferences 
discussed here. 
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Some separate qualitative checks were made for the presence of contami- 
nants at these locations; although not too rigorous, the results nevertheless seem 
to indicate that there were no contaminants at these locations. 

For nitric oxides, the Griess-Illosvay reaction was used'®. Five-liter samples 
of air were passed through 15 cc. of nitrogen dioxide-free water made alkaline 
with potassium hydroxide. The resulting solution was tested with sulfanilic 
acid and with a-naphthylamine to give a pink color for a positive indication of 
nitrogen dioxide. At Lancaster, Mt. San Antonio, and Morongo Valley, no 
more than traces were found, whereas a similar test in Los Angeles gave a clear 
test of appreciable strength. 

The Stanford Research Institute" charted their determinations of nitrogen 
oxides for early 1949 in Los Angeles. Although peaks of 0.4 and 0.3 p.p.m. by 
weight were shown in the early months, from February 10 to June 10 their 
maxima were of the order of 0.1 p.p.m., and for the most part were much less 
than this. One tenth p.p.m. of nitrogen dioxide by weight is about equivalent 
to 6 parts per hundred million of ozone by volume, when calculated for the 
iodide reaction. 

Analogous tests for peroxides were made at the several stations by bubbling 
air samples through a solution of ferrous thiocyanate in absolute alcohol". 
No color visible to the eye was ever produced at these outside stations, whereas 
appreciable color was produced when the atmosphere was tested in the Los 
Angeles area. 

The inference from these tests is that if these two particular interferences 
¢ were present at the outside stations, they at least were in sharply lower con- 
: centrations than in Los Angeles. If they were dominant factors in the ozone 
equivalent data, considerably lower figures than for Los Angeles would be ex- 
pected. Reasonably, however, they may have been influential in the cir- 
cumstance, noted earlier, that the maximum figures from the noncity stations 
did not approach the maximums for the Los Angeles station. 

The fact that peroxides are present in the Los Angeles atmosphere prompted 
the thought that they might of themselves be agents of rubber cracking. 
Accordingly, freeze-out apparatus of the design used by the Air Pollution 

Control District, County of Los Angeles’, was used to trap these materials in 

question. The apparatus consists briefly of five flasks connected in series. 

The first trap was immersed in an ice bath, the next three in dry ice and methyl 

Cellosolve at —80° C, the fifth and last flask in liquid nitrogen at —195° C. 

On June 20, 1949, a 2-ce. sample obtained from 1800 liters of air during a 
6-hour period was collected in the liquid nitrogen trap. This sample released 


iodine from acid potassium iodide solution in the amount which would be the 
equivalent of 0.6 part per hundred million of ozone on the sample of air. 

Small slivers of bent rubber were exposed in a sealed container above this 
material in sunlight, in the dark, at 100° C, and in the neighborhood of 0° C, 
but no trace of cracking was ever noted. The authors are informed privately 
that this result with rubber parallels the experience of Haagen-Smit. 


CONCLUSION 


It has become rather generally accepted among rubber technologists that 
ozone stands alone as the cause of exposure check-cracking of rubber. New- 
ton’, Crabtree and Kemp‘, and Fielding‘ are apparently supporters of this view, 
and the present authors have concurred. The viewpoint, however, need not 
be considered as fixed. The experiment with nitrogen dioxide, cited by 
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Haagen-Smit®, raises interesting speculation of a possible exception, unless 
indeed the explanation lies in an intermediate formation of ozone in the system 
nitrogen dioxide-oxygen-sunlight. (This likelihood was suggested by Haagen- 
Smit in a private communication to one of the authors.) 

Interesting as some of these variant possibilities might be, however, the 
present authors record their belief in the simple rather than the complex ex- 
planation of rubber checking in Southern California, namely, that of ozone. 
The general similarity of pattern between the city and noncity stations argues 
against any dominant effect due to special components of the city atmosphere. 
The general prevalence of checking in the whole area, relative to that of the 
country at large, is generally consistent with the high level of ozone indicated 
by the measurements given here. Under present information, it seems un- 
likely to us that effects of alternately proposed chemical agents will bulk im- 
portantly in the total effect. 

The further development of information on these questions may be awaited 
with much interest. 
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Chem. Anal. Ed. 8, 198 (1936). 
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ANALYSIS OF VULCANIZED RUBBERS. INFLUENCE OF 
ACCELERATORS ON THE DETERMINATION OF FREE 
SULFUR BY THE COPPER SPIRAL METHOD * 


J. MANN 


Researcu Association oF British Croypon, ENGLAND 


INTRODUCTION 


The copper spiral method is being inserted in a revised edition' of the 
“British Standard Methods of Testing Vulcanized Rubber’, and this raises the 
question of what sulfur compounds react as “free” sulfur. In this method, 
“free” sulfur is considered to be that part of the sulfur which is present in the 
acetone extract and which reacts with a copper spiral, placed in the acetone 
during the extraction, with the production of copper sulfide, the amount of 
which can be estimated after its removal from the acetone. Since most ac- 
celerators contain sulfur, it is obvious that the presence of accelerators or ac- 
celerator fragments is a potential source of error. Fourteen accelerators of 
various types were therefore examined, and it was found that some react with 
copper, producing compounds which evolve hydrogen sulfide on treatment with 


hydrochloric acid. 


ESTIMATION OF FREE SULFUR BY THE COPPER SPIRAL METHOD 


The surface of a spiral formed from a strip of copper gauze (40-60 mesh) is 
cleaned by washing with concentrated hydrochloric acid, followed by washings 
with distilled water and acetone. The copper spiral should weigh about 5 
grams, and the turns of the spiral are conveniently held in place with a loop of 
copper wire. 

The spiral is then placed, together with the acetone, in the extraction ap- 
‘ paratus. At the end of the extraction period, the acetone is poured off through 
a filter paper (to collect any loose particles of sulfide) and the spiral and filter 
are thoroughly washed with hot acetone. 

The two are then placed in a flask in which the copper sulfide is decomposed 
by gently boiling for 1 hour with 100 cc. of dilute hydrochloric acid. The 
hydrogen sulfide is carried by a stream of carbon dioxide into a flask containing 
100-150 ec. of a solution of cadmium acetate. A measured volume of standard 
iodine solution is then added to this solution, when the cadmium sulfide precipi- 
tate is dissolved. The excess iodine is then determined by titration with 
standard sodium thiosulfate. 


REACTIONS OF ACCELERATORS 


The accelerators used in the qualitative experiments listed in the accompany- 
ing table were purified by several recrystallizations, and the tests were carried 
out by heating acetone solutions of the accelerators with copper. 

The formulas of the accelerators have been reproduced to show the way in 
which the sulfur is linked in the various compounds. 

From the results shown in the table it would appear that those accelerators 
which attack copper can be divided into two groups. 


7. Reprinted from the Journal of Rubber Research, Vol. 19, No. 6, pages 72-73, June 1950. 
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(1) Salts of thioacids, namely, dithiocarbamates (1 to 6) and xanthates 
(7 and 8). The copper is probably attacked with the production of copper 
salts. 

(2) Other compounds containing the C:S group. In the case of thiocar- 
banilide (11), copper sulfide appears to be formed on the surface of the copper, 
but TMT (9) and the monosulfide (10) are decomposed with the production of a 
dark solution, making it impossible to observe the true state of the copper sur- 
face without washing with acetone, which possibly removes any compound 
formed on the surface. 


Sulfur in a thiazole ring and in certain disulfides is not active under the con- 
ditions of the extraction. It seems possible that MBT (13) which contains a 
thiol group attacks copper, but the product does not evolve hydrogen sulfide 
when heated with hydrochloric acid. 


EXAMINATION OF VULCANIZED SAMPLES 


Mixes, each of which contained one only of the accelerators already dis- 
cussed, were prepared, and extracts were obtained from undervulcanized as 
well as fully vulcanized samples. 

These extracts were examined for the presence of unchanged accelerators. 
Only traces of ZPD and ZDC were found whilst no TMT could be detected. 

The mix containing TMT was, however, a sulfurless mix and it was possible, 
therefore, to have the acetone extract react with a copper spiral without inter- 
ference from any elemental sulfur added to the rubber. The latter became 
coated with a yellow solid, which could be stripped from the copper by shaking 
in water. The solid dissolved in hydrochloric acid with the evolution of hydro- 
gen sulfide and copper was detected in the solution. This was probably the 
compound which ZDC forms with copper, since ZDC has been shown to be 
present in vuleanizates derived from TMT?. 


Whether 


3. Zine 


Accelerator 


. Sodium en 


bamate (SPD) 

. Piperidine pentamethylenedithio- 

carbamate (PPD) 

ntamethylenedithiocarba- 

mate (ZPD) 

. Cadmium pentamethylenedithiocar- 

bamate (CPD) 

5. Sodi diethyldithiocarbamate 


(SDC) 
. Zine diethyldithiocarbamate (ZDC) 


. Sodium isopropylxanthate 
. Zine isopropylxanthate 

9. Tetramethylthiuram 
(TMT) 


disulfide 


. Tetramethylthiuram monosulfide 


. Thiocarbanilide 

. A proprietary compound containing 
a substituted benzothiazole (San- 
tocure) 


3. Mercaptobenzothiazole (MBT) 


. Benzthiazolyl disulfide (MBTS) 


Appearance of copper spiral 


Copper whitish and white ppt. 
ormed; liquid dark 
Copper dull; liquid dark 


Copper coated with yellow solid; 
liquid dark 

Copper mainly bright; liquid 
pale yellow 

Copper unchanged; yellow ppt. 
ormed; liquid yellow 

Yellow coating on copper, black 
beneath; liquid dark 

Copper tarnished 

Copper tarnished; liquid yellow 

Copper blackened; black needle 
crystals soluble in excess ace- 
tone; liquid dark 

Copper dull yellow; difficult to 
clean; liquid dark 

Copper blackened 

No change 


Copper dull yellow 
No change 


evolved 


1 Yes = 

Yes 

Yes 

Yes ag 

Yes 
6 Yes 
Yes 

Yes 

Yes 

0 Yes 

11 Yes 
12 No 

14 No 
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The general conclusion drawn from these and other experiments is that the 
copper spiral method is entirely satisfactory when only small proportions of 
accelerator are present, but when higher proportions are used, some interference 
leading to high results may be expected, the extent of which depends on the 
linkages of the sulfur in the compounds which either survive or arise from the 
vulcanization process. This interference is likely to be less than with either the 
nitric acid or the bromine method, the former in particular giving nearly the 
total sulfur content of the acetone extract*®. For a low-sulfur (1.35 parts) mix 
with 1.5 parts of TMT, fully vulcanized, where the free sulfur content should be 
very low, the following figures were obtained: nitric acid method, 0.21%; 
bromine method, 0.12%; and copper spiral method, 0.068%. For a sulfurless 
mix with 2 parts of TMT and known to be much undervuleanized, and where a 
considerable survival of sulfur-containing material would be expected, the cor- 
responding figures were 0.61, 0.58, and 0.22%, respectively. There is evidence, 
therefore, that less reaction with substances containing sulfur occurs in the 
copper spiral method than in some of the other methods used for the determina- 
tion of “‘free’’ sulfur. 

The following points of manipulative detail were noted during the course of 
the work. 


(1) The copper gauze should be washed well with boiling acetone after ex- 
traction, and the insoluble material removed from the surface of the copper 
collected on the filter paper. The gauze should be treated carefully, being 
handled with forceps or the like, when transferring from the extraction-vessel 
to the decomposition flask, as the sulfide is easily removed from its surface. 

(2) Occasionally it may be found necessary to use more acid or to boil for a 
longer period to decompose all the sulfide. 

(3) It is essential to use 40 to 60 mesh gauze, as finer gauzes made the wash- 
ing and the decomposition procedures difficult. 


REFERENCES 


! British Standard Methods of Testing Vulcanized Rubber, B.S. 903. 
2 Dufraisse and Jarrijon, Compt. rend. 215, 181 (1942); Rusper Cuem. & TecuNno.. 17, 941 (1944). 
* Morley and Scott, J. Rubber Research 15, 153 (1946). 
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DETECTION OF ELEMENTAL SULFUR IN MINUTE 
QUANTITIES AS IN “BLOOMS” * 


P. D. GaLLoway AND R. N. Foxton 


Researcu Association oF British Croypon, ENGLAND 


METHOD 1 


Sulfur when treated in the cold with caustic soda and pyridine gives a transi- 
ent blue-green coloration, which is rapidly succeeded by an orange-brown color. 
The test was tried in various ways. For the identification of sulfur in the 
bloom on a rubber article, the reaction has been adapted for use on filter paper 
as a spot test, the folded paper being rubbed over the surface and the reagents 
applied tothe paper. Full instructions for carrying out the test are given below. 

Effect of compounding ingredients—None of the typical sulfur-containing 
compounding ingredients such as MBT, ZDC, TMT, or lithopone gave a posi- 
tive color reaction with caustic soda and pyridine, nor did the presence of large 
amounts of the accelerators in carbon disulfide solution with sulfur materially 
affect the reaction, although the color took longer to appear and was generally 
somewhat fainter; this may, however, be merely a dilution effect. Sodium 
thiosulfate and sodium polysulfide likewise gave negative results ;if, however, the 
thiosulfate is first acidified to precipitate sulfur, and then sufficient caustic soda 
and pyridine added, a positive reaction for the precipitated sulfur is obtained. 
The effect of the paraffin wax often present in bloom was determined by melting 
some wax, adding sufficient petroleum ether to delay crystallization, and mixing 
this with a solution of sulfur in carbon disulfide; the mixture was poured on to a 
plate, and on evaporation of solvent an artificial wax-sulfur bloom remained. 
A filter paper rubbed over this and treated with the reagents gave a positive 
reaction for sulfur. 

Limits of sensitivity.—The sensitivity of the test was determined by delivery 
of different volumes of a 0.07 per cent solution of sulfur in carbon disulfide on to 
pieces of filter paper from a micropipette of total volume 0.01 cc. Provided 
the area of spreading of the solution was kept to a minimum (about 3 sq. mm.) 
a faint brown coloration was still obtained when only one microgram (1 X 10°-* 
g.) of sulfur was present. Such a high degree of sensitivity is not obtained by 
the ordinary methods of test-tube reaction, the paper tests being invariably 
more satisfactory than those done in test-tubes or on porcelain, as the color is 
more readily detectable. 

Method of application —To detect sulfur in a bloom on arm article, fold in 
four a piece of filter paper (preferably the slow-absorbing, alkali-resistant type) 
and rub one of the folded edges over the surface; if the bloom is light, first treat 
the surface with a drop of carbon disulfide, and then rub the paper around the 
outline left when the solvent evaporates. Unfold the paper and add one drop 
(about 0.05 cc.) of strong (20 to 30 per cent) caustic soda solution, followed by 
one drop of pyridine. A blue-green color in the pyridine, rapidly succeeded 


* Reprinted from the Journal of Rubber Research, Vol. 19, No. 6, pages 74-75, June 1950. 
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by an orange or brown stain on the paper at the fold, indicates the presence of 
sulfur. 
METHOD 2 


SCHONBERG’S REAGENT (BENZYLIMIDO—DI~(p-METHOX YPHENYL)—METHANE) 


This second test is carried out as follows. The substance to be tested is 
thoroughly ground with the reagent and transferred to a test-tube, which is then 
placed in an oil bath previously heated to a temperature of 210° C. After 
five minutes the test-tube is removed and a few drops of benzene added to the 
mixture. If elemental sulfur was originally present the liquid will be colored 
blue. On the addition of a crystal of mercuric chloride, the blue color slowly 
fades, while the crystal assumes a red or orange tint. 

Effect of Compounding Ingredients.—The test was carried out on the sub- 
stances given in the table below, with the stated results. In each case 0.01 
gram of the reagent was mixed with the same quantity of the substance to be 
tested. 


Colors developed by 
A 


Mercuric chloride 
Substances tested Benzene solution crystal 


Sulfur Blue Red 

MBT \ all Yellow Colorless 
MBTS }reerystallized Greenish blue Orange 
TMT }) Blue Orange 
ZDC Pale yellow Pale yellow 
Zine sulfide Pale yellow Pale yellow 


Limits of sensitivity.—For this, a solution of sulfur in chloroform (0.1 mg. 
per ec.) was used. Portions of 1.0, 5.0, and 10.0 cc. were evaporated to dryness 
in a water bath and then tested as previously. From the tests it was obvious 
that more than | mg. of sulfur is required to give the proper colorations and that 
with diminution of the quantities of sulfur the color of the mercuric chloride 
crystals tends to orange, a fact which might lead to’ _ confusion of sulfur with 
TMT. 


CONCLUSION 


It appears from the tests performed that the first method given is the more 
sensitive and is less liable to interference from accelerators. 
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DETERMINATION OF RUBBER HYDROCARBON 
BY A MODIFIED BROMINATION METHOD * 


WituiamM J. GOWANS AND FREDERICK E. CLARK 


U. 8S. Rupser Researcn Station, Sauinas, CALIFORNIA 


An accurate method for determining the rubber hydrocarbon content of 
crude natural rubber is required in connection with the development of new or 
improved processes involved in the recovery of rubber from guayule. The 
bromination method, as described by Willits, Swain, and Ogg', has proved to be 
very useful in this laboratory. However, significant improvements in its ac- 
curacy have been achieved through further study of some of the factors that 
influence the bromination reaction. This paper reports the results of the study 
and recommends a modified analytical bromination procedure applicable to 
guayule and other natural rubbers. 

In the bromination method, a solution of crude rubber in benzene is treated 
with a bromine solution for a given length of time. The rubber bromide formed 
is precipitated with ethyl alcohol, filtered into an asbestos Gooch crucible, and 
dried to constant weight in a vacuum oven. The weight of rubber bromide is 
converted to weight of rubber hydrocarbon by a known factor. If the bromine 
adds completely and exclusively to the rubber hydrocarbon double bonds, as- 
suming no previous saturation, a rubber bromide of constant composition 
(CsHsBre)n is obtained, and the theoretical factor for conversion to rubber 
hydrocarbon is 0.2988. If some substitution occurs, as well as addition, the 
theoretical factor does not apply; and because the substitution reaction is 
difficult to control, it is very unlikely that a bromide of constant composition 
will be obtained. Willits, Swain, and Ogg! found a factor of 0.292 for guayule 
rubber, indicating that some substitution had taken place under the conditions 
which they employed. Edison® had previously used a factor of 0.285. 


EXPERIMENTAL 


Effect of chloroform on bromination—With the bromination procedure of 
Willits, Swain, and Ogg! one of the greatest difficulties encountered in this labor- 
atory was the inability to obtain a pure rubber bromide precipitate. Fre- 
quently some of the rubber bromide became insoluble in the brominating solu- 
tion and formed a skin on the bottom of the beaker. On addition of ethyl 
alcohol, the precipitated rubber bromide often agglomerated into large stringy 
particles which occluded impurities. This precipitate usually showed a dis- 
coloration after drying at 65° C in a vacuum. Furthermore, when rubber is 
brominated in benzene solution, copious amounts of hydrogen bromide are 
evolved, which indicate substitution has taken place. The experimental factor 
of 0.292 confirms the evidence that a substituted product is obtained. 
Bloomfield* observed that when the bromination was carried out in the 
presence of chloroform, there was no agglomeration of the rubber bromide in 


* Reprinted from Analytical Chemistry, Vol. 24, No. 3, pages 529-533, March 1952. This paper was 
resented before the Division of Rubber Chemistry of the American Chemical Society at its meeting in 
ashington, D. C., February 28-March 2, 1951. 
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the brominating solution. This was confirmed by Jones‘ in this laboratory. 
Precipitation with ethy! alcohol resulted in a very fine chalk-white precipitate. 
Subsequent drying in a vacuum oven at 65° C produced no discoloration or 
change in composition. Bloomfield*® also stated that no hydrogen bromide is 
liberated when bromination is conducted at 0° C in chloroform containing 1 
percentalcohol. He interpreted this result as indicating that alcohol prevented 
bromine substitution. However, the authors have found that alcohol-free 
chloroform almost completely prevents evolution of hydrogen bromide at room 
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DETERMINATION OF RUBBER HYDROCARBON 


TIME OF BROMINATION - MINUTES 


Fia. 1.—Effect of time bromination on weight of rubber bromide fommed Rubber eenien 
concentration mg. per 25 ce. A. 14.9 mg.; B. 28.2; C. 38.8; D. 43.6; E. 52. 


temperature. Apparently chloroform inhibits the substitution reaction, in 
addition to having a solubilizing effect on the rubber bromide. This is 
substantiated by the fact that in the presence of chloroform we approch the 
theoretical factor 0.299. The amount of chloroform required in the benzene- 
rubber solution to prevent agglomeration usually depended on the concentra- 
tion of rubber hydrocarbon being brominated, but normally an amount 
approximating 25 per cent of the total volume of solution was sufficient. All 
subsequent experiments were conducted with chloroform present in the bro- 
minating solution. 

Effect of rubber hydrocarbon concentration—Solutions of purified rubber 
hydrocarbon were prepared from 6-year-old guayule shrub by the following 
method: 


The shrub was first parboiled in water at 93° C for 15 minutes. 
Leaves were shaken off and discarded. The defoliated plant material was 
passed through a Papec ensilage cutter, followed by a Ball and Jewell fly-knife 
cutter. The cut shrub was dried 12 hours in a circulating oven at 65° C, and 
finally ground in a laboratory hammer mill to pass through a 3-mm. screen. 
Two-gram samples of this material were extracted with water for 4 hours fol- 
lowed by ethyl! alcohol, acetone, and benzene for 16 hours each, using modified 
ASTM rubber extractors’. A glass thimble was used in place of the ASTM 
siphoncups. The benzene extract is for all practical purposes a solution of pure 
rubber hydrocarbon. The concentration of rubber hydrocarbon was deter- 
mined by evaporating a portion of the solution to dryness on a steam bath and 
drying the film to constant weight at 50° C under 30 inches of vacuum. Under 

these conditions it is not necessary to add an antioxidant to the solution before 
drying to prevent gain in weight of the rubber hydrocarbon by oxidation. 
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TaBLe 


RuspsBer Conversion Factors aS DETERMINED BY RUBBER 


HyprRocaRBON-RUBBER BROMIDE Ratio 


Rubber hydro- 
carbon concn. 
(mg. /25 ec.) 


Stand- 
ard devi- 
Figure Mean¢ ation® 


Weight of rub- 
ber bromide 
(mg.) 
Time No. of 
range samples Stand- 
covered bromi- ard devi- 
(min. ) nated Mean ation® 


Factor for con- 
verting to rub- 
ber hydrocarbon 


Standard 
deviation® 


A 14.9 60-120 49.8 
B 28.2 60-120 93.9 
Cc 38.8 129.0 
D 43.6 ; 144.9 
52.0 172.0 
* Mean of four or more total solids determinations. 
| Sz? 


* Standard deviation = «¢/—~—— where Sz? = sum of square of deviations from mean, and n = number 
1 


of observations. 


Five different benzene solutions of purified rubber hydrocarbon, with con- 
centrations ranging from 14.9 to 52.0 mg. per 25 cc., were used to determine the 
effect of variations in concentration. 

Rubber bromides were precipitated from each of these solutions after they 
had been allowed to brominate for varying periods of time ranging from 0 to 
120 minutes, spaced at 10-minute intervals. The zero reading was obtained by 
precipitating with ethyl alcohol immediately after addition of the brominating 
solution, an operation which did not take over 1 or 2 seconds. Three sets of 
aliquots taken from each of the five rubber solutions were brominated, each set 
on a different day. Time of bromination was plotted against the weight of 


rubber bromide formed for each rubber hydrocarbon solution. 


These results are shown graphically in Figure 1. All the curves reach a 
point beyond which further time of reaction does not appreciably change the 
weight of the rubber bromide formed. The bromination is essentially completed 
at 60 minutes for the lowest rubber hydrocarbon concentration, while 100 
minutes or more are required for the highest concentration. It is apparent, 
therefore, that both time of bromination and concentration of rubber hydro- 
carbon are critical. In establishing a standard method within these ranges of 
rubber hydrocarbon concentration, it would be necessary to brominate the 
solution for at least 100 minutes to make certain a product of constant weight 


was obtained. Approximately 85 per cent of the bromination takes place 
instantaneously. 


TaBLe II 
RusBBerR CONVERSION Factors as DETERMINED BY BROMINE ANALYSIS 


Factor for con- 
verting to rub- 


Desig- 


Time 


ber hydrocarbon 


nation range 

in covered 

Figure 1 (min.) 
60-120 
60-120 
80-120 
100-120 
110-120 

* See Table I. 


No. of r 


Bromine (%) 
* 


(100 — % Br)/100 
An 


samples 
analyzed Mean 
4 
11 
5 
4 
4 


Standard. 
deviation? 


0.1 
0. 


Standard 
deviation® 


¥ 

Desig- ~ 

Mean | 

0.3 0.299 0.002 

0.4 0.300 0.001 

0.3 0.301 0.001 

i‘. 0.3 0.301 0.001 

04 0302 0.001 

Mean 

0.298 0.002 

0.296 0.002 

‘ 0.4 0.300 0.004 

0.1 0.302 0.001 
0.1 0.302 0.001 
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Some of the data used in constructing Figure | were used in preparing 
Tables I and II. The fact that the conversion factor increases slightly with 
increased rubber-hydrocarbon concentration indicates that at the higher con- 
centrations a very small amount of unsaturation remains although, judging 
from the curves in Figure 1, the addition reaction is essentially completed at 
the time range considered. It has become standard practice at this laboratory 
to select an aliquot for bromination containing 30 to 50 mg. of rubber hydro- 
carbon, and it is apparent that for this range the factor 0.301 can be used. 
Effect of iodine in brominating solution —The standard brominating solution 
contains 2 grams of iodine and 5 ce. of bromine in 100 cc. of carbon tetrachloride. 
In the absence of chloroform, iodine accelerates the bromination reaction, al- 
though it apparently does not inhibit substitution, in view of the hydrogen 
bromide given off. When chloroform is present, iodine also accelerates the 
bromination reaction, as may be seen in Figure 2, in which bromine-iodine 
solution is compared with bromine solution. The curves are within experi- 
mental error of each other after 45 minutes. 
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O-~ USING BROMINE SOLUTION ONLY 


WEIGHT OF RUBBER BROMIDE - mg. 


65 
° 20 40 60 80 100 120 
TIME OF BROMINATION - MINUTES 


Fic. 2.—Effect of iodine on weight of rubber bromide formed. 


The possibility existed that iodine was present in the rubber bromide pre- 
cipitated. The Borgmann tests for iodine® was applied to the products of com- 
bustion absorbed in alkaline peroxide solution as obtained in connection with 
the bromine determinations described below. The results were negative, al- 
though the Borgmann test is sensitive to as little as 0.2 mg. of iodide ion in the 
presence of 100 mg. of bromide ion. 

Effect of bromine concentration.—The bromination reaction is insensitive to 
bromine concentration, so long as an excess is present to react with all of the 
rubber. In a typical bromination there is a 300 per cent excess of bromine. 
Doubling and tripling this amount did not increase the weight of rubber bromide 
formed. Willits, Swain, and Ogg! also found this to be true. 

Effect of temperature.—The effect of temperature was not extensively in- 
vestigated. Several brominations carried out at 0° C were not complete after. . 
16 hours of reaction. Because of the high coefficient of expansion of benzene, 
the aliquot for analysis should be taken at the time the sample is made to volume 
or at a definite controlled temperature. In this work all brominations and 
volume measurements were carried out in a water bath at 25° C. 

Effect of light—In view of the well-known accelerating effect of light on 
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bromination reactions in general, all standard brominations in this laboratory 
have been performed under two 40-watt daylight fluorescent tubes 5 feet above 
the work area. Direct sunlight rays have been excluded from the solutions 
being brominated. A comparison is shown in Figure 3 of bromination under 
fluorescent lights, under fluorescent plus some sunlight through a glass window, 
and in the dark. It is apparent that the rubber bromide formed at the end of 
100 minutes will have a different weight and compositions for each source of 
light. Therefore, it is essential that the light be controlled. The increase in 
weight due to sunlight is postulated to be the result of an acceleration of the 
substitution reaction, whereas the decreased weight in the dark is probably due 
to incomplete addition. Other sources of light were not investigated. 

Effect of trichloroacetic acid.—Trichloroacetic acid is added to assist in the 
solution of crude rubber for analysis. It is very difficult to dissolve Hevea rub- 
ber in the absence of trichloroacetic acid without resorting to excessive break- 
down. Although guayule rubber is more soluble than Hevea, trichloroacetic 


100 


FLUORESCENT LIGHT & SOME SUNLIGHT | 
*-UNDER FLUORESCENT LIGHT 
@-IN THE DARK | 


WEIGHT OF RUBBER BROMIDE - mg. 


TIME OF BROMINATION-MINUTES 
Fie. 3.—-Effect of light on weight of rubber bromide formed. 


acid is necessary for reducing the viscosity to the point at which the ethyl 
aleohol-benzene-insolubles can be centrifuged readily. As much as 1 per cent 
higher values for the ethyl aleohol-benzene-insolubles can be obtained by cen- 
trifuging a guayule rubber solution to which trichloroacetic acid has been added. 

Fisher and Gray’ showed that this acid caused a slight decrease in the un- 
saturation of rubber. It was therefore of interest to investigate the effect of 
the acid on the rubber hydrocarbon determination. These results are shown 
in Table III. It is evident that the amount of trichloroacetic acid used in the 
usual procedure does not change the weight of rubber bromide over the weight 
of the bromide formed in the absence of the acid. Even when the acid is pres- 
ent in 25 times the usual amount, the weight of rubber bromide formed is re- 
duced only very slightly. 

Determination of bromine.—The bromine content of rubber bromides was 
determined by dry combustion in a quartz-tube apparatus. The sample, after 
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vaporization in a stream of air, is oxidized over quartz particles maintained at a 
temperature of 950° to 1000° C. The combustion products are absorbed in 
alkaline hydrogen peroxide and the halogen is determined by Volhard titration. 

The accuracy of the bromine determination was established by analyzing 
the known compounds, o-bromobenzoic acid and p-bromobenzoic acid. The 
bromine contents obtained were 39.72 and 39.68 per cent, respectively, with a 
standard deviation of 0.08 foreach. The theoretical value for both compounds 
is 39.76 per cent bromine. 

Determination of conversion factor —There are at least three methods of 
determining the factor for converting rubber bromide to rubber hydrocarbon. 
None of the methods is entirely free from error, but agreement by any two 
methods is considered a satisfactory check on accuracy. 

The first method consists of using a purified rubber hydrocarbon solution 
prepared as described above, brominating a known amount of the solution, and 
dividing the weight of rubber hydrocarbon by the weight of the rubber bromide. 
Analysis of the rubber hydrocarbon film after evaporation of the benzene for 
carbon plus hydrogen gave a mean value of 99.49 per cent with a standard devi- 
ation of 0.03. Spence and Caldwell* obtained a mean value of 99.69 per cent 


TaBLeE III 
Errecr or TrRicHLoroacetTic Acip ON WEIGHT OF RUBBER BroMIDE FoRMED 
Rubber bromide formed (mg.*) 
Trichloroacetic r 


acid added Standard 
(mg.) Mean? deviations 


0 134.8 0.6 
504 135.2 


0.8 
250 134.0 0.6 
134.0 0.6 
@ Rubber solution used for bromination was prepared from purified Hevea. 
>’ Mean of four replicates. 
¢See Table I. 
4 Amount used in standard procedure. 


for similar rubber hydrocarbon films. Carbon and hydrogen determination 
is not conclusive evidence of the purity of the rubber hydrocarbon, however, 
since any impurities may be similar or dissimilar in composition. 

The second method is to determine the bromine in the rubber bromide. 
The difference between the bromine percentage and 100, divided by 100, gives 
the conversion factor. In this method the assumption is made that the rubber 
bromide consists of only carbon, hydrogen, and bromine, which is reasonable if 
suitable precautions are taken to prevent contamination. 

A third method, used by Willits, Swain, and Ogg' is to determine carbon 
and hydrogen in the rubber bromide. This method was not used in the present 
work. 

Factors calculated by the first method for five different rubber hydrocarbon 
concentrations are shown in TableI. Factors determined by the second method 
are shown in Table II. Except for the values obtained with the concentration 
of 28.2 mg. of rubber hydrocarbon per 25 cc., the agreement between the two 
methods is excellent. Furthermore, the experimental factors are so close to 
the theoretical factor of 0.2988 that apparently no substitution has taken place. 

A factor of 0.301 for guayule was selected by averaging all of the factors in 
Tables I and II for the range 28.2 to 52.0 mg. per 25 cc., leaving out the factor 
of 0.296 in Table II, which appeared to be unexplainably low. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


REAGENTS 


Brominating solution was prepared by dissolving 2 grams of c.P. iodine in 
100 ce. of carbon tetrachloride, filtering, and adding 5 ml. of c.p. bromine to the 
filtrate. 

Ethyl alcohol, 95%. 

Benzene, A.C.S8. 

Chloroform, A.C.S. 

Trichloroacetic acid, Eastman Kodak Co., White Label. 

Benzene containing 10% trichloroacetic acid. 


RECOMMENDED PROCEDURE 


Preparation of sample.—Pass the crude rubber (5 to 10 grams) six or eight 
times through close-set cold milling rolls to blend the material and break down 
gel rubber, then sheet out thir!y. Into a 70-cc. centrifuge tube weigh analyti- 
cally approximately 0.5 gram of the blended material. Add 45 cc. of benzene 
and 5 ce. of 10 per cent trichloroacetic acid in benzene. Place a stirring rod in 
the tube and let the mixture stand 48 hours with occasional stirring to dissolve 
the rubber. Warm the mixture by placing the tube in a beaker of hot water. 
Centrifuge for 20 minutes at 2000 r.p.m.; then decant the supernatant benzene- 
rubber solution into a 250-cc. volumetric flask, washing the residue two or three 
times with benzene, centrifuging between washes, and adding the washes to the 
flask. 

Determination of insolubles.— Wash the residue in the tube with two portions 
of ethyl aleohol, with thorough stirring and centrifuging. Transfer the con- 
tents of the tube to a tared asbestos Gooch crucible, wash with ethy! alcohol, 
and dry at 100° C for 1 hour. Weight contents as insoluble material. 

Bromination.—Bring the benzene-rubber solution in the volumetric flask 
to volume with benzene in a water bath at 25°C. Pipet a 25-cc. aliquot at this 
temperature (containing 30 to 50 mg. of rubber hydrocarbon) into a 250-ce. 
beaker. Add 9 cc. of chloroform from a buret and 2.5 ec. of the brominating 
solution to the rubber solution. Place the beaker in a water bath at 25° C, and 
allow bromination to proceed for 100 + 5 minutes. No direct sunlight should 
come in contact with the solution in the water bath. At the end of 100 minutes 
add approximately 200 ml. of 95 per cent ethyl alcohol to the contents of the 
beaker. Allow 2 hours for the rubber bromide to settle. 

Determination of rubber hydrocarbon.—Filter the rubber bromide into a tared 
asbestos Gooch crucible and wash the precipitate thoroughly with 95 per cent 
ethyl aleohol. Dry the crucible to constant weight in a vacuum oven at 65° C 
(requires about 1 hour). Cool in a desiccator and weigh. The weight of the 
rubber bromide when multiplied by the conversion factor (0.301 for guayule) 
is converted to rubber hydrocarbon. The percentage of rubber hydrocarbon 
can then be determined by dividing by the weight of the sample (MFB) and 
multiplying by 100. 

APPLICATIONS 


Rubber hydrocarbon analyses of crude guayule rubber were made to demon- 
strate adequately the accuracy of the rubber conversion factor 0.301, obtained 
with purified guayule rubber. Rubber bromides from three different types of 
crude guayule rubber were prepared using the modified bromination method. 
They were analyzed for bromine; the rubber conversion factors, calculated from 
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the per cent bromine found, are in good agreement with the peopesnd factor 
0.301 (Table IV). 

In the past when the constituents of crude guayule rubber were determined 
~—rubber hydrocarbon, resins, moisture, and material insoluble in ethyl alcohol- 
benzene—the sum total of these components often comprised only 95 to 98 per 
cent of the weight of the crude rubber. As the methods of measuring the com- 


TaBLe IV 


EXPERIMENTALLY DETERMINED CONVERSION FACTORS 
FOR CRUDE GUAYULE RUBBER 


Factor for con- 
Bromine in rub- verting to rubber 
ber bromide, hy parecerben 
(%) ) ( 100° —  Br)/ 100 
Stand- 
Type of crude No. of ard devi- Standard 
guayule rubber samples Mean ation? Mean deviation® 


Resinous 6 70.0 q 0.300 
Shrub deresinated 6 70.0 : 0.300 
Worm deresinated 3 69.8 : 0.302 


® See Table I. 


ponents other than rubber hydrocarbon are fairly reliable, the rubber hydrocar- 
bon value was thought to be low. This was proved to be true when rubber 
hydrocarbon values determined by the modified method were compared with 
those of the former method (Table V). In all cases the total of constituents is 


nearer 100 per cent by the new method than by the former method. 


TaBLe V 


DETERMINATION OF RUBBER HYDROCARBON IN CRUDE GUAYULE RUBBER 
Rubber Hydrocarbon, % 
Total constitu- 


; Modified Procedure of ents, % 
Constituents procedure Willits et al. 
other than r A ~  Modi- Proce- 
rubber hydro- Stand-— Stand- fied dure of 
Type of crude carbon, % ard devi- _—proce- Willits 
guayule rubber Meant i Mean‘ ation? dure et al. 


74.2 0.3 99.4 98.7 
: 92.3 ; 90. ; 99.3 97.6 
deresinated 3. 94.4 98.2 96.0 
Worm 93.3 100.6 97.6 
deresinated 92.5 90.: 100.2 98.0 

* Mean of five replicates. 


> See Table I. 
¢ Mean of three replicates. 


Three different types of crude Hevea rubber were brought into solution and 
brominated by the modified procedure. The rubber bromides obiained were 
analyzed for their bromine content. The rubber conversion factor determined 
was used to calculate the percentage rubber hydrocarbon (Table VI). It is 
apparent from these results that a precise determination of rubber hydrocarbon 
can be made on crude Hevea stock, using this method with a slightly lower con- 
version factor. There are at least two possible explanations for the difference 
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Tasie VI 


APPLICATION OF MopiFIED BROMINATION PROCEDURE TO CruDE HevEeEA RUBBER 


Factor for con- 
verting to rub- 
Bromine in ber hydrocarbon 
Rubber bro- rubber bro- (100 — % Br) 
mide (mg.) mide (%) Rubber hydrocarbon 


Stand- Stand- Stand- 
Weight ard ard 
0 


ard 
devi- vi devi- Means devi- Mean* devi- 

Type of crude crude ation i ation’ (mg.) ation’ (%) ation 
a rubber (mg.) Meane (mg.) (%) 
No. 1 

smoked sheet 51.2 163.7 0.4 0.002 488 0.1 95.2 0.2 
Honduras 

smoked sheet 50.7 1623 0.5 4 B 0.002 485 0.1 95.6 0.3 
Pale crepe 50.2 160.9 0.2 0.002 480 O01 95.7 O.1 


« Mean of three replicates. 
Table I. 


in the conversion factor. (uayule may be more saturated than Hevea, or con- 
taminants in crude guayule could slow down the bromination reaction. Neither 
of these possibilities was investigated further. 


CONCLUSIONS 


Accurate and precise results can be obtained in the determination of rubber 
hydrocarbon by bromination if adherence to the recommended procedure is ob- 
served. The bromination reaction is sensitive to rubber hydrocarbon con- 
centration, time of bromination, temperature, and light conditions. Addition 
of chloroform to the brominating solution inhibits substitution and brings the 
empirical factor for conversion of rubber bromide to rubber hydrocarbon close 
to the theoretical factor for a completely additive product. 


SUMMARY 


Published investigations show that, in the bromination of rubber, addition 
is accompanied by some substitution. The substitution portion of the bro- 
mination reaction is difficult to control and has contributed to low results and 
occasional poor precision. This work was carried out to investigate the effect 
of several factors on the bromination reaction and to find a means of inhibiting 
the substitution reaction. The effect of rubber hydrocarbon concentration on 
bromination is critical. Iodine accelerates bromination, but is not present in 
the final product. Temperature and light are important variables. The 
bromination reaction is insensitive to bromine concentration as long as a con- 
siderable excess is present. Trichloroacetic acid in the amounts used to assist 
in the solution of crude rubber has no effect on the results. Addition of chloro- 
form to the benzene solution of rubber inhibits the substitution reaction with no 
apparent effect on the addition reaction. A factor of 0.299 for converting rub- 
ber bromide to rubber hydrocarbon is obtained for Hevea smoked sheet, which 
agrees well with the theoretical value. A conversion factor of 0.301 is obtained 
for guayule rubber, which may or may not indicate that guayule rubber hydro- 
carbon is slightly more saturated than Hevea. The method should have ap- 
plication for the direct and accurate determination of rubber hydrocarbon in 
crude rubber, 
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GR-S LATEXES IN FOAM RUBBER * 


Leon TALALAY AND ANSELM TALALAY 


Tur Srponce Russer Propucrs Co., Conn. 


The advent of low-temperature polymerized GR-S latex has greatly bene- 
fited the foam rubber technology. Prior to the development of high-solids cold 
latex, foam rubber has been made, of necessity, predominantly from Hevea 
latex. Such GR-S latex as had been used was blended in largely for economic 
reasons, performing a function not much different from a diluent or extender. 
The superiority of cold GR-S latex over hot in all physical properties, its better 
wet gel strength, and the much reduced odor level', have made possible the 
manufacture of serviceable foam rubber entirely of GR-S. It is, therefore, 
unfortunate that, as yet, the production of cold high-solids GR-S latex is so 
limited. 

A study was undertaken to compare the physical properties of foam rubber 
made from Hevea latex with foam produced from high-solids GR-S latexes, 
polymerized at 41° and 120° F, respectively. In addition, a number of polymer 
modifications were investigated in low temperature latex. 

The physical properties of the foam rubber evaluated included tensile 
strength and elongation at break, modulus of compression, flexibility at sub- 
zero temperatures, and rebound elasticity. 


PREPARATION OF SAMPLES 


Slab foam samples of 1 inch thickness were molded at a density of approxi- 
mately 0.003 pound per cubic inch. 

The compounded latex was foamed by the catalytic decomposition of 
hydrogen peroxide and then rapidly frozen. The frozen structure was gelled 
by permeation with a coagulating gas, carbon dioxide. The gel was vulcanized 
at 215° F, removed from the mold, washed, and finally dried at 180° F in 
circulating hot air. 

This procedure is based on a patented process.?. It was found to produce 
consistently foam rubber of good structure from a great variety of polymers. 

The standard curing formula contained uniformly 5 parts of zine oxide, 1.5 
parts of antioxidant (Agerite White), and 1.25 parts each of zine diethyldithio- 
carbamate and zine mercaptobenzothiazole per 100 parts of elastomer. The 
sulfur was varied from 1 to 3 parts, as indicated on the individual graphs. 

Minor adjustments in soap stabilization, alkali content, and viscosity were 
made to compensate for variations in the colloid chemical properties of the 
latexes. 

COMPARISON OF HEVEA, 41°F GR-S, AND 120°F GR-S 

Type V GR-S was chosen as a typical 120° F latex. It was compared to a 

41° F latex of the same charge ratio (70-30 butadiene-styrene) and Mooney 
* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 791-795, April, 1952. 


This paper was presented before the Division of Rubber Chemistry at the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 1951. 
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viscosity (MS-4’) of 53. The latter was a pilot-plant latex, made by the Co- 
polymer Corporation as PF500-489. It is referred to as polymer 19 in Table I. 
Foam latex, made from 62 per cent centrifuged Hevea latex. was used as a 
standard of reference. 

Stress-strain measurements were made by the method described by Conant 
and Wohler'. The plotted results are averages of the best six out of ten data 
at optimum cure. 


TABLE 


Hicu GR-S PerRoxaMINE LATEXES INVESTIGATED 


Con- 
Exptl. Charge 
Origin polymer ratio a MS-4’ Solids 
number (B/S) Mooney (%) 
Copolymer 500-494 
Copolymer 102-515 
Copolymer 500-493 
Copolymer 101-503 


Naugatuck J4437-A 
Naugatuck J4437-B 
Naugatuck  J4437-C 
Naugatuck J4437-2 
Naugatuck  J4668-A 


Copolymer 106-539 
Copolymer 106-540 
Copolymer 106-538 
Copolymer 102-514 
Copolymer 103-534 
Copolymer 108-574 


Copolymer 101-502 
Copolymer 101-510 


PON 


1 
1 
1 
1 
1 


Po 
Ste 


Naugatuck 

Copolymer 

Naugatuck 

Naugatuck 

Naugatuck 

Naugatuck 

Naugatuck 

Naugatuck 

Naugatuck 

Naugatuck 
Naugatuck 70/30 


No} 


SSSSSSSS 


SSSSSSSSSSS 
SS 


S 


The tensile values obtained, in pounds per square inch, were divided by the 
density in pounds per cubic inch, and are so plotted in Figure 1. This method 
compensates for minor density differences between samples, and is permissible, 
since the tensile-density relationship is linear within the range encountered 
(0.003 pound per cubic inch + 10 per cent). 

In the left half of the graph, the foam tensile density is plotted against parts 
of sulfur per 100 parts of elastomer. There is a difference in the trend. The 
tensile strength of Hevea foam decreases with rising sulfur content, whereas 
both GR-S foams improve slightly. 

The marked superiority of 41° F latex over 120° F latex is evident. At 2 
parts sulfur the hot latex has barely 20 per cent of the Hevea-foam tensile 


87/18 115 50 60 21 55.6 

87/18 118 50 70 37 495 or 

87/13 118 50 80 52 505 j <a 

87/13 50 60 83 614 

10 85/15 41 5019 63.5 

il 85/15 41 53 30 605 

12 85/15 41 50 47 620 a 

13 85/15 41 55 62 59.9 2 

14 85/15 41 49 83 62.2 ie 

16 80/20 

17 80/20 

18 

19 

20 

21 

22 

26 

27 
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FOAM TENSILE/ DENSITY 


2% SULFUR 


° 20 40 60 
PARTS SULFUR HEVEA: GR-S 


Fic. 1.—Comparison of foam and film tensile strength of Hevea with 41° and 120° F 
GR-S. At varying sulfur ratios and in blends. 


strength. The cold GR-S foam has close to 60 per cent of the strength of 
Hevea foam. 

In blends with Hevea (on the right of Figure 1) cold latex again proves far 
superior to hot GR-S. In fact, substituting one third of the natural rubber with 
Type V GR-S results in a tensile strength no better than that of foam made 
entirely of cold GR-S. 

Film tensile strengths, as distinct from foam tensile strengths, were also 
measured on the same elastomer blends. These are shown in broken lines. In 
view of the known difficulty of obtaining good cast films of GR-S latex, the 
rolled-ring technique described by Pirot‘ was used. A very thin film is dipped 
on a glass tube, permitted to dry, and then rolled into a ring. Because of the 
thinness of the film deposited, it dries without cracking. 

While this method appears to give more consistent results in GR-S than the 
making of cast films, it is unfortunately not universally useful in view of the 
fact that some polymers adhere tenaciously to the glass, while others are too 
dry to roll up successfully. 


g 


FOAM ELONGATION AT BREAK 
FILM ELONGATION AT BREAK 


PARTS SULFUR 


Fra. 2-~Companinn of foam and film elongation at break of Hevea with 41° and 
120° F GR-S. At varying sulfur ratios and in blends. 
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The film tensile strength scale on the right ordinate of Figure 1, and the 
foam tensile strength scale on the left, were made to coincide for the all-Hevea 
latex compound. 

No ready explanation is available for the fact that for both 41° and 120° F 
latex the film tensile strengths fall off more rapidly than do the corresponding 
foam tensile strengths, as the GR-S content is increased. It might be argued 
that, because of the stereo-reticulate structure of foam, the tensile property 
measured in a cellular material may not be true tensile strength. 

Elongation at break (Figure 2) again demonstrates the marked superiority 
of cold over hot GR-S latex in foam. No correction for density variation be- 
tween samples need be made in this instance, since the foam elongation is inde- 
pendent of density in the operating range. An expected trend of lower elonga- 
tions with increasing sulfur ratio is observed. 

On the right of Figure 2, in blends with natural rubber, replacing one third 
of the Hevea with hot GR-S reduces the elongation of the resultant foam to the 
value of foam made entirely of cold GR-S. This elongation is about two-thirds 
of that of Hevea foam. 
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DENSITY G, .Bs/in? 
Kia. 3.—Effect of density on compression resistance of Hevea foam. 


Film (rolled-ring) elongations of the same elastomer blends are shown in 
broken lines. Here, as distinct from tensile, the film elongations fall off less 
severely than do the corresponding foam elongations, as the GR-S content is 
increased. 

An important property in foam rubber is resistance to compressive deforma- 
tion. This is usually expressed as the pounds per square inch necessary to 
compress the sample 25 per cent of its height. It is normally measured in ac- 
cordance with the indentation test described in ASTM procedure D552-46aT. 

The increase in compression resistance with rising density (Figure 3) has 
been shown by Talalay® to be satisfied by a parabolic function. The mathe- 
matical relationship between compression resistance and density is given in the 
formulas (insert of Figure 3), where h is the force in pounds per square inch re- 
quired to produce the 25 per cent deflection, G; is the density of foam in pounds 
per cubic inch, and p is a parameter which is primarily a function of the modulus 
of the latex compound and to a minor extent a function of cell structure. In 
lieu of the density G;, a cube root function of density, @, is substituted for con- 
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venience. The reference parabola shown (Figure 3) is for Hevea foam at 2 
per cent sulfur, and has a p value of 10. For a given density of foam rubber, the 
compression values represented by the parabola (p = 10) are considered to be 
standard. Specific compression resistance of any foam sample is expressed as 
a percentage of standard compression. In this manner, the effect of density 
variations is eliminated. 

As might be expected, the specific compression resistance of foam goes up 
with sulfur content (Figure 4). 

At equal Mooney viscosity cold GR-S produces a firmer foam than the hot 
polymer. It is a concidence that the specific compression resistance of 41° F 
GR-S foam is equal to that of Hevea foam at 2 per cent sulfur. This is due, 
as will be seen later, to the particular Mooney viscosity of the GR-S polymer. 

In Hevea-GR-S blends small additions of Type V do not appreciably affect 
the specific compression resistance of foam. 

The improved molecular architecture® of low-temperature polymerized 
latex has a beneficial effect upon the elastic properties of the foam produced. 
This was measured (Figure 5) by the rebound of a falling ball at room tempera- 
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Fic. 4.—Comparison of specific compression resistance of Hevea foam with 41° and 
120° F GR-S foam. At varying sulfur ratios and in blends. 


ture. The rising trend with increasing sulfur ratio is shown on the left of this 
chart; the effect in blends with natural latex is presented on the right. 

It was found that in samples of very fine cell structure, more consistent 
rebound data were obtained by carrying out the test in vacuum. In this man- 
ner, the pneumatic effect of air leaving and again entering the sample was 
eliminated. A 3-inch diameter steel ball was used, and was released magneti- 
cally inside an evacuated graduated glass cylinder. 

The flexibility at subzero temperatures of 41° F GR-S is also superior to 
that of 120° F GR-S at essentially the same styrene content (Figure 6). The 
per cent retention of flexibility is expressed as the percentage of deflection re- 
tained when applying at the temperature of the test, the load capable of com- 
pressing the sample 25 per cent of its height at room temperature. 

The test was conducted in the following manner. A specimen 4 square 
inches in area and approximately 1 inch thick was compressed at room tempera- 
ture to 75 per cent of its original height. The load required was noted. The 
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Fig. 5.—Comparison of rebound elasticity of Hevea foam with 41° and 120° F 
GR-S foam. At varying sulfur ratios and in blends. 


sample was then conditioned for a period of 3 hours at the subzero test tempera- 
ture. A new height determination was made and the same load as above ap- 
plied again with the sample still in the test cabinet. Thirty seconds after load 
application, a new compressed height (deflection) measurement was taken. 


Per cent retention _ deflection at subzero temperature x 100 
of flexibility deflection at room temperature 


At the less severe test temperature of —40° F, increased sulfur has a bene- 
ficial effect on the flexibility of Hevea and cold GR-S. This effect is lost at 
—70° F. 

In blends with natural rubber, it is evident that the elastomer of poor flexi- 
bility has a dominant effect. For example, the substitution of a little over 10 
parts of Hevea with 120° F GR-S reduced the flexibility of the blend to that of 
a foam made entirely of 41° F GR-S latex. This holds true at both test tem- 
peratures of —40° and —70° F. 
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Fig. 6.—Comparison of flexibility at sub-zero temperatures of Hevea foam with 41°. 
and 120° F GR-S foam. At varying sulfur ratios and in blends. 
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POLYMER MODIFICATIONS 


The comparison of foam properties has been based thus far on a single low- 
temperature latex, which is polymer 19 in Table I, and has 26 per cent bound 
styrene, a small rotor Mooney viscosity of 53, and a conversion of 59 per cent. 

In order to ascertain the effect of different styrene contents, Mooney vis- 
cosities, and percentages of conversion, the 28 experimental polymers shown in 
Table I were selected and studied in foam rubber. 

They are primarily arranged in order of ascending styrene charge ratios, 
and within each group, in order of increasing Mooney viscosities (MS-4’). 

The polymers were produced in pilot plant quantities by the Naugatuck 
Synthetic Division, and the Copolymer Corp., respectively, and are identified 
with their pilot plant number. 

All polymers were made in high solids peroxamine recipes’, at either 41° or 
50° F, as indicated, and emulsified in a fatty acid soap-Daxad system. 

As indicated in the last column of Table I, most latexes were received as heat 
concentrates at around 60 per cent total solids. A few, such as polymers 5, 6, 
7,8, and 18, were received unconcentrated at lower solids. These were creamed 
to approximately 60 per cent before using. 


FOAM TENSILE/ DENSITY 


hia. 7.—Effect of styrene content on foam tensile. 


In succeeding charts, these polymers are referred to by the order number 
given in the first column of Table I. 

It was found that, generally, one particular polymer variable dominates a 
specific physical property. As an example, the styrene content of a low tem- 
perature latex dominates two properties of a foam—the tensile strength and the 
flexibility at subzero temperatures. 

The bond styrene content of a low temperature polymer has essentially 
linear effect on the tensile of the foam (Figure 7). However, the effect is not 
as great as might be expected. Reducing the styrene content from 26 to 11 or 
12 per cent lowers the tensile by only 20 per cent. 

The styrene content vs. foam tensile strength correlation is generally satis- 
factory except for polymer 10 which exhibits abnormally high tensile strength 
at 12 per cent bound styrene. 

In a preliminary attempt to shed light on this discrepancy, it was found that, 
despite its low Mooney viscosity, MS-4’ of 19, the unmilled polymer is not free 
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of gel. In addition, the soluble portion appears to have an unusually narrow 
molecular-weight distribution, as indicated by fractional precipitation from 
benzene solution. Work on this phase is continuing. 

Styrene content has a major bearing on the flexibility of foam at subzero 
temperature. It has previously been shown’ that reducing the styrene ratio 


% RETENTION OF FLEXIBILITY 


% BOUND STYRENE 


Fig. 8.--Effect of styrene content on flexibility of foam rubber at subzero temperatures. 


in a polymer improves its flexibility at low temperatures. Eight styrene levels 
from 0 to 26 per cent, as represented by polymers 1-4, 13, 16, 17, and 19, were 
investigated at 2 parts of sulfur (Figure 8). 

A definite optimum was found to exist at around 10 per cent bound styrene. 
The trend persisted down to the lowest test temperature investigated, —95° F. 
At this optimum styrene level, foam rubber can be made which is completely 
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kia. 9.—Effect of Mooney viscosity on i ion resistance of foam rubber. 


flexible at —40° F, is more flexible than Hevea foam at —70° F, and still retains 
an appreciable degree of flexibility at —95° F. 

The flexibility was measured in the test cabinet after conditioning the sample 
for 3 hours. This exposure is long enough to ensure uniform temperature 
throughout the samples and probably also to crystallize the more readily 
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erystallizable polymers. It may be too short, however, for all long-term crystal- 
lization effects to take place. 

A clear-cut linear relationship appears to exist between the Mooney viscosity 
of a low-temperature polymer and the specific compression resistance of the 
resultant foam (Figure 9). 

Mooney viscosities from 15, small rotor, to 90, small rotor, were investigated 
and are plotted at 3 per cent sulfur. The specific compression resistance more 
than doubles in this range. The 1 and 3 per cent sulfur lines would lie parallel 
and equidistantly below and above the 2 per cent sulfur line shown. 

The fact that the relationship is dominated by Mooney and is essentially 
independent of styrene content can be inferred by comparing polymers 1, 8, 
and 19, which at practically identical specific compression resistance contain 
0, 11, and 26 per cent bound styrene, respectively. 

Two of the polymers, 10 and 20, do not fit the trend. Polymer 20 was 
highly cross-linked with divinyl benzene during polymerization, and contains 
80 per cent of very tight gel. Polymer 10 is the same polymer which gave 
abnormally high tensile strengths in Figure 7. 
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Fic. 10.—-Effect of Mooney viscosity of cold GR-S on elongation at break of foam rubber. 


Mooney viscosity also dominates the elongation at break of low-temperature 
GR-S foam. The trend is shown in Figure 10 for foam rubber vulcanized with 
2 per cent sulfur. As the Mooney viscosity is increased, the elongation at 
break falls off. This reduction appears to level off at about 70 small-rotor 
Mooney. 

Again, the styrene content is not a major influence. Polymers 3 and 21, of 
practically identical Mooney viscosity and elongation, contain 7 and 26 per cent 
styrene, respectively. 

The effect of conversion on the stress-strain properties is a controversial 
issue. While it can be shown that, in high solids cold GR-S latex, film proper- 
ties decline with higher conversion’, it has not been possible to show this effect 
in foam rubber. Two conversion series, one at a 70-30 butadiene-styrene 
charge ratio and constant Mooney viscosity, the other at an 87-13 charge ratio 
and varying Mooney viscosities were investigated in low temperature GR-S 
foam (Figure 11). The 70-30 series ranged from 60 to 80 per cent conversion, 
the other from 50 to 80 per cent. 

Both lines lie at appropriate tensile levels for their respective styrene con- 
tents, but fail to show any significant trend with conversion. The broken line, 
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on the other hand, which shows film tensile strengths of the 70-30 polymers, 
falls off significantly with increasing conversion. Here, again, is an instance of 
poor correlation between film and foam properties. 

Considerable interest has focused recently on oil-modification of high 
Mooney cold GR-S in solid rubber®. Increasing amounts of Circosol-2xH 
were incorporated into a foam rubber recipe. A low temperature GR-S latex 
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Fic. 11.—Effect of per cent conversion on tensile strength of cold GR-S foam rubber. 


with a small rotor Mooney of 91 (polymer 28, Table I) was used in this series. 
This polymer had a gel content of 36 per cent. 

The elongation at break increases substantially, from about 200 to 400 per 
cent by the addition of 50 parts of Circosol-2xH per 100 parts of polymer. At 
the same time, the specific compression resistance drops substantially. It 
crosses the 100 (Hevea) reference line at about 13 parts of Circosol. The foam 
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Fic. 12.—Effect of oil-extension of a high Mooney-cold GR-S latex on foam properties. 


tensile strength is affected surprisingly little. In fact, it appears to increase 


very slightly. 


SUMMARY 


The superiority of cold GR-S high-solids latex over latex polymerized at 
120° F has been demonstrated in foam rubber in terms of greater tensile 
strength, better elongation at break, higher modulus, improved rebound elas- 
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ticity, and enhanced low temperature properties. The magnitude of the effect 
observed is far greater than the corresponding improvement reported in tire 
tread stocks’. A number of polymer modifications in low-temperature poly- 
merized latex were investigated. It was shown that, by the proper choice of 
styrene content (approximately 10 per cent bound), GR-S foam rubber superior 
to Hevea foam in subzero properties can be made. The modulus of foam rub- 
ber improved significantly with rising Mooney viscosity of the contained poly- 
mer, while the elongation at break was affected adversely. The degree of con- 
version was found to have little bearing on the properties of the resultant foam 
rubber. 
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R. M. Prerson, R. J. Coneman, T. H. RoGers, Jr., 
D. W. Preaspopy, anp J. D. D’IANNI 


Tue Goopyear Tire AND Rusper Co., AKRON, Onto 


The principal tonnage uses of GR-S-type latexes, aside from tire cord ad- 
hesives, are in products in which natural-rubber latex is the principal or an 
important component. The amount and type of synthetic latex used in blends 
of commercial importance have been influenced by economic factors and by the 
processing and physical properties of the product, but more often the synthetics 
have been looked upon chiefly as ‘‘extenders’”’ for the natural latex. 

However, with the introduction of the so-called cold rubber latexes, there 
has been much evidence that the use of synthetic rubber latexes may now be 
extended into these applications as 100 per cent synthetic, and the products 
will have useful physical properties somewhat comparable to those made using 
natural-synthetic rubber blends. 

No comprehensive evaluation of the effect of the several polymerization 
variables on the vulcanized film properties of natural rubber-GR-S blends has 
been reported, although studies on some aspects of this problem have been 
described'. A preliminary study of the variables of butadiene-styrene ratio, 
polymerization temperature, percentage conversion, and Mooney viscosity, on 
the properties of blends varying from 0 to 100 per cent synthetic content, has 
been undertaken. In this initial phase of the study attention has been con- 
fined to those variables affecting only the polymer properties, and the so-called 
latex properties—amount and type of surface active agents, catalysts, particle 
surface unsaturation, pH, ete.—have been varied, of necessity, over fairly wide 
limits in order to make possible the preparation of latexes of the desired range 
of polymer characteristics. Further, the study was confined to a more or less 
uniform evaluation procedure, rather than an attempt to develop casting, dry- 
ing, and curing conditions which are optimum for each latex. The evaluation 
technique used adheres closely to procedures which have been widely practiced 
in the latex industry for years’. 

The restriction of the scope of the evaluation procedure and the comparative 
lack of uniformity in the colloidal and other nonpolymer properties of the 
latexes will, it is realized, fail to bring out the maximum potential properties 
of many of the polymers. Such compromises were necessary in a preliminary 
program of this nature in order to keep the variables within a practical number. 
It was felt, moreover, that the evaluation should roughly approximate the con- 
ditions of use, and that methods that were completely unattainable in commer- 
cial practice should not be employed. This eliminated from consideration 

* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 769-774, April 1952 


This paper was presented before the of Rubber Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4 951 
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certain techniques which had been observed to give improvements in sheet 
properties, such as casting the sheet in special atmospheres, drying in vacuum 
desiceators, curing at low temperatures, and the like 

An important property which has a considerable influence on the technical 
usefulness of a latex, but which is not easily controlled or susceptible of precise 
measurement, is its ability to form well-knit, strong sheets during drying or 
when treated with gelling agents, i.e., prior tocure. This property is commonly 
known as wet gel strength, and reflects the effects of a large number of variables 
of the polymer, latex colloidal properties, pretreatment, viscosity, drying en- 
vironment, and soon. Natural-rubber latex is outstanding in exhibiting high 
wet-gel strength under an extremely wide variety of conditions of use, whereas 
GR-S synthetics have been very erratic in this respect. Several techniques 
have been developed which help to overcome this deficiency of the GR-S syn- 
thetic latexes in the manufacture of frothed sponge*. The attainment of high 
vulcanizate strength in cast latex sheets is usually tied in with the attainment 
of high wet gel strength under the conditions of use. Thus, high vulcanizate 
strengths on cast latex films of cold GR-S rubbers have been obtained in some 
cases‘, but they have often been found difficult to reproduce from one laboratory 
to the next. Also, widely variable results have been obtained by the same in- 
vestigators on supposedly similar latexes, as has been the experience in this 
laboratory. The evaluation technique used has failed to obtain any of the 
tensile strengths of 2000 to 3000 pounds per square inch which have occasionally 
been obtained by others on cold rubber latexes. 


PROCEDURES 


Latex Preparation.— Most of the high-temperature latexes were prepared in 
a base recipe and with a procedure similar to that used for preparing Type V 
latex®. One hundred parts of monomer was charged into a reactor equipped 
with a high displacement agitator containing 50 to 60 parts of water, 0.5 to 1.0 
part of carboxylic acid soap, 0.3 part of potassium persulfate, and an amount 
of normal or tertiary dodecyl mercaptan adjusted to give the desired Mooney 
viscosity. Increment addition of soap solution after 15 per cent conversion 
was used to maintain latex stability, a total of 3 to 4 parts of soap generally 
being present in the final latex. The soaps were mixtures of sodium or potas- 
sium salts of oleic and rosin acids. Particle diameters of latexes so produced 
are of the order of 2000 to 3500 A., as determined by soap titration®, and are 
classified as large particle size latexes in comparison with the much smaller 
sizes, 600 to 900 A diameter, obtained in the polymerization recipes used for 
making latex to be processed into dry rubber. 

A few high temperature latexes were prepared in a recipe giving a small 
initial particle size, viz., a recipe similar to that used for making Type II latex, 
and were agglomerated with acetic acid and ammonia’ to particle sizes com- 
parable to those obtained with the large particle size procedure outlined above. 
These latexes were creamed from 15 to 20 per cent solids to 45 to 55 per cent 
solids with 0.1 to 0.3 per cent ammonium alginate (on the water phase) prior 
to use. 

Low-temperature latexes were prepared in a polyamine-hydroperoxide high 
solids type of recipe, which the U. S. Rubber workers pioneered and which is 
being currently produced® as X-635. 

Shortstopped latexes were vacuum-stripped to remove residual styrene 
prior to use. 
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The natural rubber latex was an ammonia-preserved Hevea latex from the 
Goodyear plantation in Sumatra, concentrated by centrifuging. It was similar 
in properties to the regular concentrated natural rubber latexes of commercial 
use. 
Tests on later and raw polymer.—Latexes were examined for mechanical 
stability, pH, and approximate particle size before acceptance for use. The 
particle size estimate was based on a turbidity measurement’, and served simply 
to eliminate latexes of too small a particle size. A few particle sizes by soap 
titration were run to confirm the particle sizes obtained by turbidity measure- 
ments. Mooney viscosities (small rotor, 1} minutes) were determined on very 
lightly milled salt-acid coagulated samples to which antioxidant had been added. 
Solubility in benzene and swelling volume of the gel were measured by leaching 
unmilled crumbs in benzene, 1 gram per 100 cc., at room temperature for 20 to 
.40 hours without agitation, and filtering the soluble portion through 80-mesh 
sereen. The solubility was determined from a dried down aliquot of the 
filtrate, and the swelling volume of the gel was estimated from the volume of 
swollen material—the difference between the initial and filtrate volumes—and 
the known weight of gel. These parameters provide useful information con- 


TaBLe II 
CoMPOUNDING Recipe FoR EvaporRaATED SHEET SAMPLES 


Material Parts by weight 


Rubber, latex solids 100 
Potassium oleate 0 to 1.2 
Potassium hydroxide 0.5 
Agerite White 

Sulfur 

Zine oxide (XX-50) 

Zine diethyldithiocarbamate 

Ammonium alginate 0 to 0.1 


cerning macrostructure which is not furnished by the Mooney viscosity or other 
rheological tests. 

The latexes used and their principal properties are enumerated in Table I. 

Preparation of cast latex sheets——-For convenience and simplicity, the 
evaporated sheet method was used for comparing the physical properties of the 
latex rubbers. This method consisted of stabilizing the latexes with a soap and 
potassium hydroxide so that when mixed together, they remained fluid. The 
compounding ingredients consisting of sulfur, zine oxide, accelerator, and 
antioxidant, were added as a mixture of dispersions in water and thoroughly 
stirred into the blended latexes (Table IT). 

The latex mix of 50 to 58 per cent total solids was matured 16 hours at room 
temperature without agitation. The viscosity of the mix was then increased 
by the addition of a thickening agent such as ammonium alginate, and a suffi- 
cient quantity was poured onto a glass plate framed by glass strips to make dried 
sheets of 9.25 X 6.50 X 0.060 inches. The drying of the latex was controlled 
at a temperature of 75° to 80° F for 16 hours in a confined space to maintain 
high humidity, after which the almost dry sheets were stripped from the glass 
and allowed to dry for 7 days at the same temperature. 

The dried rubber sheets were cured in an air oven at 212° F for 5, 10, 15, 20, 
30, and 40 minutes. 

The sheets were then conditioned for at least 24 hours in a room at 50 per 
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cent relative humidity and 77° F before determining their physical character- 
istics. 

Preparation of milled sheets—The milled rubber test sheets were made by 
mixing the antioxidant dispersion into either the latex or latex blend and then 
pouring the latex on glass plates, 36 X 36 inches, framed by glass strips. The 
latex was dried at 75° to 85° F for approximately 24 hours, after which the 
rubber sheets were stripped from the glass and hung up for additional drying 
at the same temperature for 3 days. The sheets were approximately 0.04 inch 
thick. 

These sheets were further compounded on the conventional two-roll rubber 
mill by the addition of sulfur, accelerators, zine oxide, and stearic acid (Table 
III). The fully compounded slabs of rubber were then allowed to set for 24 
hours, after which they were cut into test-pieces to fit the mold cavity of 4} X 
64 X 3% inches. The vulcanization was done in the conventional laboratory 
press at 275° F for 10, 20, and 30 minutes, after which the sheets were allowed 
to condition at 77° F for 24 hours before they were cut into the same size dumb- 
bell strips as used for the evaporated latex sheets. The test strips were condi- 


TaBLeE III 


CompouNDING FOR MILLED RUBBER SAMPLES 


Material Parts by weight 
Rubber, latex solids 100 
Stearic acid 1 
Agerite White 1 
Zine oxide 1 
Sulfur 1.6 
Captax 0.675 
Diphenylguanidine 0.825 


tioned 24 hours at 50 per cent relative humidity and 77° F before stress-strain 
determinations were obtained. 
TESTING 


The stress-strain data were obtained using a dumbbell-type test strip having 
a center section of 2.50 X 0.394 inches. This differs slightly from that specified 
by ASTM, as it was designed especially for the Albertoni autographie machine. 
The horizontal-type autographic machine, with a speed of jaw separation of 
30 inches per minute, was used, and the stress-strain curve was plotted auto- 
matically. The advantage of this type of machine was that modulus deter- 
minations could be easily obtained at all elongations. 

The tensile and elongation data used in the figures were picked from the 
best cure of the range mentioned above. Thus, in Table IV, the 15-minute 
cure for the natural rubber, the 5-minute cures for the Type V and X-547 
latexes, and the 5- and 15-minute cures for the 50-50 natural rubber-synthetic 
blends of Type V and X-547, respectively, would be chosen. 

The Gehman torsional flexibility apparatus was used in obtaining the low 
temperature properties of the rubbers®. 


RESULTS 


Before discussing the data it is appropriate to point out the difficulty of 
predicting the modifier requirement accurately enough to obtain a desired 
Mooney viscosity within closely set limits when other variables are also being 
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PHYSICAL PROPERTIES OF LATEX FILMS 989 
manipulated. Consequently, all polymers having Mooney viscosities within 
certain ranges were considered to be equivalent, these ranges being roughly 
divided as follows: high, 70 MS and higher; medium, 40 to 70 MS; and low, 
below 40 MS. The authors have been reluctant to adopt the Mooney viscosity 
as the sole measure of molecular size and toughness, since it fails to distinguish 
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Fie, 2.—Effect of reaction temperature. 


Fie, 1.—Effect of reaction temperature. 


between linear and netted species. However, since no simple parameter re- 
flects accurately the gross changes in macrostructure which diene polymers are 
capable of undergoing, they have been compelled to describe such changes in 
terms of Mooney viscosity, and are reporting benzene solubility and swell 
volume of the gel (Table I) for what added information they give. 

Effect of polymerization temperature.—Only the polymerization temperature 
ranges used in current commercial production, 41° to 50° F and 115° to 140° F, 
have been studied in the present investigation. The tensile strength and 
elongation results are summarized in Figures 1 to 4. Figures 1 and 2 depict 
the effect on the properties when medium or high Mooney 70-30 butadiene- 
styrene polymers prepared at the two temperatures and two conversion ranges, 
60 per cent and 85 per cent, are blended with natural rubber. In these, the 
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Fia. 4.—ESect of reaction temperature. 


Fic. 3.—Effect of reaction temperature. 


incorporation of up to about 30 per cent of all of the synthetics decreased the 
tensile strengths about equally, the differences between the various rubbers be- 
coming pronounced only at the higher synthetic contents. The superiority of 
the 70-30 butadiene-styrene cold-rubber latexes in both tensile strength and 
elongation is evident. Actually, the superiority of the cold rubber polymers in 
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blends is greater for technological purposes than would be deduced from the 
graphs, because of their higher wet gel strength. The differences would be 
rendered somewhat more striking if comparisons were made on some basis 
representing the total amount of energy to break the sample, which is roughly 
approximated by the product of tensile and elongation (tensile product). 
Tensile product is not too widely accepted by the rubber technologist as a 


measure of stress-strain characteristics and, accordingly, these results have not 
been depicted graphically 
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Fig. 5.—Effect of reaction temperature. 


Fig. 6.—Effect of conversion. 
60% conversion. 


Figures 3 and 4 show similar data obtained on the hot and cold medium 
Mooney 60 per cent conversion polybutadienes. In this case, lowering of the 
polymerization temperature did not have much effect, and the properties were 
at a generally lower level than for the styrene-containing polymers. 

The solubility and swell volume properties of the butadiene-styrene cold 


rubber latexes differed substantially from their hot rubber counterparts (see 
Table I) 
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Fic. 7.—Effect of conversion. Fie. 8.—Effect of conversion. 122° F. 


The effect of polymerization temperature on the low-temperature stiffening 
properties of polymers of several styrene contents, evaluated in 100 per cent 
synthetic compositions, is seen in Figure 5. Except for the cold rubber poly- 
butadiene, no significant effects of reaction temperature can be discerned. The 
apparently anomalous behavior of the cold polybutadiene (curve 2) has been 
observed in various stocks by many observers, and is attributable to the readi- 
ness with which the polymer crystallizes at low temperatures. 
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Effect of conversion—The medium-conversion polymers exhibited higher 
tensile strength than the high-conversion polymers, as shown in Figures 1 and 
6. This trend became more pronounced with the 70-30 butadiene-styrene 
polymers than with the polybutadiene rubbers. 

The medium- and low-conversion polymers exhibited higher ultimate elonga- 
tions than the high-conversion polymers (Figures 2 and 7). 
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Fia. 9.—Effect of Mooney viscosity. Fra. 10.—Effect of Mooney viscosity. 
60% conversion, 122° F. 


The degree of conversion had no effect on the low-temperature properties of 
polybutadiene. The behavior in low-temperature stiffening of the copolymers 
at varying conversions was accounted for by the variations in their combined 
styrene content (Table I and Figure 8). 

Effect of Mooney viscosity—With blends of natural-rubber latex and hot 
synthetic-rubber latex, the tensile strength was optimum for the polymers of 
medium Mooney viscosity, as shown in Figures 9 and 11. The ultimate elonga- 
tion increased with decrease in Mooney viscosity with 70-30 butadiene-styrene 
polymers (Figure 10), whereas the reverse was true with 80-20 butadiene- 
styrene polymers up to, but not including, the 100 per cent synthetic polymers 
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Fic. 11.—Effect of Mooney viscosity. Fig. 12.—Effect of Mooney viscosity. 


(Figure 12). The apparent anomaly obtained with che 80-20 polymers, which 
is contrary to general experience in this laboratory, may be due in part to the 
fact that they were made under quite different polymerization conditions; the 
low Mooney sample (Type VII, see Table I) had an unusually tight and high 
concentration of gel for so low a Mooney plasticity. 

Effect of monomer ratio.—When the butadiene-styrene ratio of the synthetic 
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ELONGATION 


% SYNTHETIC RUBBER 
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Fic. 13.—Monomer ratio varied. 122° F. Fig. 14.—Monomer ratio varied. 
95% conversion, 122° F, 


polymers (122° F polymerization temperature and 95 per cent conversion) was 
varied from 100-0 to 70-30, the tensile strength of natural-rubber blends was 
approximately the same for each polymer. The 45-55 butadiene-styrene poly- 
mer, however, possessed much higher tensile strength, especially, as is shown in 
Figure 13, at the higher synthetic levels. 


TaBLe V 
EvaporaTED SHEETS COMPARED WITH MILLED SHEETS 
Evaporated sheets Milled sheets 
— <= A. 
Tensile Tensile 
Ulti- strength Ulti- strength 

Syn- mate (Ib. /sq. in.) mate (Ib. /sq. in.) 

Natural thetic elon- 


rubber rubber gation At At i At At 
Synthetic rubber (%) (%) (% break 600% /; break 600% 


100 3450 1700 
1850 


Polybutadiene 
95% Conversion 
Hot, MS = 109 


Polybutadiene 
60% Conversion 
Hot, MS = 108 


Polybutadiene 
60° Conversion 
Cold, MS = 40 


70-30 Butadiene-styrene 
Conversion 
Type V, MS = 65 


70-30 Butadiene-styrene 
60% Conversion 
Hot, MS = 75 


70-30 Butadiene-styrene 
60°, Conversion 

Cold 

X-547, MS = 50 
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| 100 250 180 220 500 
y 30 830 2350 450 650 2400 1650 | 
| 50 760 1325 280 640 1750 1300 
70 700 565 300 500 700 
100 400 175 300 300 | 
4 30 760 2275 790 650 2650 2000 
50 690 1225 650 570 1600 
70 510 450 470 700 
100 290 250 230 280 
30 810 2300 500 690 3000 1675 
50 750 1450 500 600 2200 2200 
. 70 770 625 425 520 1275 
100 470 250 400 750 
a 30 870 2200 390 730 2650 750 
- 50 735 1975 600 650 2075 1500 
Z 70 745 1775 500 650 1700 1400 
100 900 1050 200 420 275 
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The ultimate elongation of blends of 50 per cent or more synthetic content 
increased with increasing styrene content (Figure 14). 

It is apparent that the tensile products of these polymers are more nearly 
an indication of their real value than either tensile strength or elongation con- 
sidered separately. 

The low-temperature stiffening behavior of the 100 per cent synthetic stocks 
followed the expected trend of increasing in stiffness with increasing styrene 
content (Figures 5 and 8). 

Comparison of evaporated sheets with milled sheets—A few of the latexes used 
in this study were examined in a typical gum formula over a range of natural- 
synthetic ratios. The stress-strain properties were in good agreement at 
medium and high natural-rubber contents, but at the low natural-rubber con- 
tents the tensile strengths of the milled sheets were often higher. The elonga- 
tion of the evaporated and milled sheets was approximately the same. One 
exception to this was X-547, which, except at high natural-rubber contents, 
gave higher tensile strengths and elongations in evaporated sheets than in 
milled sheets (Table V). 

Commercial low temperature lateres.—Figures 15 and 16 depict stress-strain 
properties of several 50° F latexes which have been produced commercially or 
have been made available as samples to the trade. 


60 
70/30 60 436300 39 
% SYNTHETIC RUBBER % SYNTHETIC RUBBER 
© 10 20 30 40 50 60 70 860 90 100 © WW 20 30 40 50 60 70 80 90 100 


Fie. 15.—Commercial 7 pilot Fig. 16.—Commercial and pilot 
plant latexes. 50° plant latexes. 50° F. 


The values for tensile strength of several of the 70-30 butadiene-styrene 
polymers were widely divergent, even though the latexes had been made under 
conditions intended to give equivalent properties (Figure 15). 

The ultimate elongations of all the cold rubbers were markedly higher than 
for their hot rubber counterparts (Figures 2, 4, 10, and 14). 

The tensile products of the cold commercial latexes were sufficiently high to 
make them extremely interesting for industrial utilization. 


CONCLUSIONS 


When tested in a single standardized procedure for cast latex films, the type 
of synthetic-rubber latex employed in latex blends containing 70 per cent or 
more natural-rubber latex had little effect on the stress-strain properties of the 
mixture. 

Cold-rubber latexes imparted higher stress-strain values to blends with 
natural rubber than did the corresponding hot-rubber latexes. The improve- 
ment was particularly noted on comparison of tensile product values. 
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Low-conversion synthetic polymers produced higher stress-strain properties 
than high-conversion pelymers in blends with natural rubber, even though their 
tensile strengths in 100 per cent synthetic stocks were approximately equal. 

Optimum physical properties were obtained by use of blends with synthetic 
polymers of medium Mooney viscosity. It is believed that the appearance of 
an optimum Mooney viscosity is tied in with the necessity of having quite high 
molecular weight on the one hand, and, on the other, the ability of the particles 
to knit well, the latter in turn requiring a comparative freedom from tight gel. 

Tensile product values increased with increasing styrene content in the syn- 
thetic polymer, but, correspondingly, the low-temperature stiffening increased. 

The physical properties of a natural rubber stock are far superior to those of 
any of the synthetic-rubber latexes tested to date. Cold-rubber latexes now in 
production are an improvement over high-temperature latexes, for example, 
in wet gel strength but do not approach natural rubber latex in stress-strain 
properties. 
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MECHANISM OF THE GELLING OF HEVEA 
LATEX BY ZINC COMPOUNDS * 


G. M. Kraay anp M. VAN DEN TEMPEL 


Restarcn Department, Rusper Founpation, NETHERLANDS 


INTRODUCTION 


It was observed several years ago by van Gils! that fresh latex could be co- 
agulated by addition of small amounts of a soap such as ammonium oleate. 
The coagulation was attributed to interaction between the soap and free mag- 
nesium ions present in the latex. Van Gils has further suggested that the 
spontaneous coagulation of latex can be explained by the formation of higher 
fat acids througb natural saponification of their compounds. The fat acids are 
considered to react (at the surface of the rubber particles) with the free mag- 
nesium ions, forming a water-insoluble metal soap which causes coagulation of 
the latex. It will be shown in the present work that a very similar type of 
interaction can account for the gelation of ammoniated latex by zine com- 
pounds. If the magnesium ions in fresh latex are precipitated as magnesium 
ammonium phosphate, which occurs when the latex is preserved with am- 
monia, provided that the phosphate content of the latex is sufficient, the addi- 
tion of small amounts of soap does not cause coagulation’. 

Since ammoniated latex has a pH between 10 and 11, a slow but continuous 
hydrolysis of the proteins, phospholipids, and esters occurs on storage. This 
results in a large increase in the content of both water-soluble acids and fat 
acids, with corresponding changes in the stability of the latex’. 

The stability of latex towards zine oxide is markedly affected by the con- 
centration of acids in the latex. This is due primarily to the fact that the 
solubility of zine oxide in pure ammonia solutions is very small but increases 
rapidly as the concentration of ammonium salts in the solutions increases‘. 
Thus, in an old latex with a normal ammonia concentration and a high content 
of water-soluble acids, zine oxide dissolves readily and causes a corresponding 
reduction in the stability of the latex, especially on heating. If the concentra- 
tion of water-soluble acids is naturally low, the solubility of zine oxide in the 
latex can be enhanced by degrading the proteins to water-soluble acids by 
means of trypsin°. 

The dissolution of zine oxide in solutions of ammonia containing ammonium 
salts can be expressed formally by the equation: 


ZnO + 2NH; + 2NHgt Zn(NHs3)4** + 


(1) 


Actually, the zine oxide will first yield zine ions, which then combine with the 
ammonia, forming a zinc-ammonia complex. The addition of ammonium salts 
will lower the hydroxy] ion concentration without lowering the ammonia con- 
centration. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 3, pages 144- 
155, June 1942. 
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At one time it was suggested by van Nederveen and Houwink® that the 
gelation of latex by zine oxide at elevated temperatures was due to the coagu- 
lating action of the above bivalent complex. If this explanation were true, one 
would expect rapid coagulation at room temperature, such as occurs on addition 
of magnesium, barium, calcium, and similar ions. It is typical of the Kaysam 
reaction, however, that gelation occurs rapidly only at elevated temperatures. 
It is important to note that the presence of the bivalent zinc complex ion as 
such in latex is insufficient to cause rapid gelation. 

In the present work, a study has been made of many variables which in- 
fluence the gelation of latex by zine compounds, and a new mechanism for the 
interaction is suggested. 


EXPERIMENTAL 


The stability of latexes containing different coagulants was observed by 
measuring the time required for the latex to gel under standard conditions. 
The latex was contained in alluminum tubing of uniform wall thickness, closed 
at the bottom end with a cork and immersed in a thermostat. To ensure tem- 
perature equilibrium, the latex was stirred mechanically with an aluminum 
rod, at the end of which was attached two small strips of aluminum in the form 
of across. The stirrer was moved slowly in an up-and-down direction at con- 
trolled speed. A support for the aluminum tubes was constructed so that six 
tubes could be operated simultaneously in the thermostat. The gelation point 
was easily observed by the setting of the gel around the mixing rod, which 
resulted in the lifting up of the whole tube out of the thermostat. The gelation 
process was characterized by the time required for gelation to occur at a con- 
stant temperature. The above method differs from that used by Lepetit® and 
Campbell’ in that tubes of aluminum were used instead of glass, which is a 
poor conductor of heat. Furthermore, the use of ordinary glass test-tubes has 
the drawback that the thickness of the tubes is seldom constant, and this 
affects the gelation time. The method described here enables very reproduci- 
ble gelation times to be obtained. 

The zinc or other metal was introduced into the latex, not as solid zine oxide, 
but in the form of a solution in aqueous ammonia containing ammonium salts. 
The use of such preformed complex salts has the advantage that the concentra- 
tion of dissolved zine can be accurately controlled. The composition of the 
complex salt solution is characterized in the present work by the mole ratio of 
metal oxide, ammonium salts, and ammonia used for preparing the solution. 
The pH of this solution may vary between 9 and approximately 11.5, depending 
on the ratio of the ammonium ion concentration to free ammonia. 

Complexes can be prepared with a variety of ammonium salts derived from 
hydrochloric acid, nitric acid, formic acid, acetic acid, lauric acid, oleic acid, 
glutamic acid, the pseudo-acid nitroethane, etc. 


RESULTS 
SOLUBILITY OF ZINC OXIDE IN THE SYSTEM H20/NH3/NH4CL 


The experimental conditions chosen were similar to those existing in the 
water phase of latex, but without amino acids and proteins present. 

Ten millimoles (0.814 gram) of zine oxide was added to 72 cc. of water con- 
taining altogether 0.087 gram-atoms of nitrogen, as ammonia and ammonium 
chloride, with varying ratios of these substances. 

By comparison, the aqueous phase of 60 per cent ammoniated latex con- 
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TaBLe I 


oF Zinc OxipE IN THE System ConsisTING oF WarTeER, 
NH,Cl anp NH; at Room TemMPeraTURE 


NH; pH Solid phase remaining 
10 20 67 10.8 ++++ 
10 24 63 10.6 ++ 
10 28 59 10.4 oe 
10 32 55 10.2 + 


51 10.1 


tains about 67 millimoles of ammonia in 67 cc. of water, and 100 grams of 
latex rubber require about 0.8 gram of zinc oxide for quick gelation at elevated 
temperatures. The solubility data for zinc oxide are set out in Table I. 

From this experiment we see that, at a pH of about 10.4, the zine oxide dis- 
solves quickly at room temperature under the conditions adopted. 

The purpose of the addition of ammonium salt to latex containing zinc 
oxide is to decrease the pH to the region where rapid dissolution is possible, 
without lowering too much the ammonia concentration. 


ACTIVITY OF THE ZINC IONS FORMED FROM THE ZINC-AMMONIA COMPLEX AT 
ELEVATED TEMPERATURES 


A few preliminary experiments were made to estimate the activity of the 
zinc ions released by the complex salt at higher temperature. An electric cell 
was made up, consisting of the following parts: 


—Zn Zn*+ KCl K Cl 
IM IM 
agar 


Hg:Cl, | Hg+ 


The potential of this cell was measured by compensating with a potentiom- 
eter, at temperatures in the range of 20-80° C, and using (1) solutions of 
zinc sulfate of known molarity, and (2) solutions of a zinc-ammonia complex 
prepared by diluting a 1 molar solution of zinc oxide in 6 N ammonium nitrate 
and 2 N ammonia (1:6:2). 

Comparison of the data obtained showed that, at 80° C, the activity of the 
zinc ions released from the complex was about 10° to 10‘ times the activity at 
room temperature, though still small by comparison with the activity in a 
10~* M zinc sulfate solution at the same temperature. 


TABLE 2 


GELATION Times oF LaTex TREATED wiTtH Two TyPEs 
or Soap In Two CONCENTRATIONS 


Gelation time in minutes 
A 


Latex 
After first creaming After second creaming 
Control 3 3 
Igepon-T 0.1 6 30 
Igepon-T 0.5 >30 >180 
Nekal-BX 0.1 3 i 
Nekal-BX 0.5 2-3 immediately at room 


temperature 


Na 
~ 
ZnO NH.Cl 
10 36 
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TABLE 3 
GeLaTION Times oF IGePoN-T LaTex TREATED WITH AMMONIUM OLEATE 


Gelation time in minutes 


Before treatment After treatment 
Latex with NH-+oleate with NH¢-oleate 


Igepon T 1% 30 0.5 
Igepon T > 180 1.5 


EFFECT OF TYPE AND CONCENTRATION OF SOAP ON THE GELLING OF LATEX 
BY ZINC COMPOUNDS 


The natural soaps of latex were displaced by Igepon-T (sodium salt of 
2-(N-oleyl-N-methylamino) ethylsulfonic acid) and, in another sample, by 
Nekal-BX (isobutylnaphthalene sodium sulfonate). Igepon-T does not form 
an insoluble zine soap, whereas Nekal-BX does. Adsorption displacement was 
carried out in latex diluted to a rubber concentration of 10 per cent, while the 
soaps were used in 0.1 and 0.5 per cent concentration. The ammonia content 
was held at about 1; the time of contact was about 20 hours. After creaming 
with konnyaku flour (0.2 per cent on the aqueous phase), part of the resulting 
cream was again diluted to a dry rubber content of 10 per cent with the soap 
solutions under the conditions already mentioned. Adsorption displacement 
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1. zine complex 
2.cadmium complex 


time in minutes 


15 20 


millimoles of metal oxide periOOgrams of rubber 


Fia. 1.—Gelation of latex with ammonia complexes of zinc and cadmium. 
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was again allowed to proceed for about 20 hours, after which the mixture was 
creamed. The gelation experiments were carried out with 3 per cent zinc oxide 
on the weight of rubber and with 20 millimoles of ammonium chloride added to 
200 grams of cream, the TS of the cream being 50 per cent and thegelation 
temperature 70° C. The results are given in Table 2. 

These results show that as the natural soaps are displaced from the surface 
of the rubber particles by Igepon-T, the gelation becomes progressively slower. 
Nekal, however, which reacts with zine ions yielding an insoluble soap, pro- 
duces an accelerated gelation. The latex which had been treated with Igepon-T 
was then subjected to treatment with ammonium oleate in a concentration of 
0.5 per cent (once only). The gelling time of the resulting cream was deter- 


NH, 
glutamic acid 


acetic acid 
2{formic 
nitroethane 


“ 
23 
E 


20 


miltimoles of zinc oxide per !OOgrams rubber 


K1G. 2.—Gelation of latex with various zine complexes. 


mined using the methods and conditions already mentioned. Table 3 gives 
the results obtained. 
From this table it can be seen that by displacing the nonreactive Igepon-T 
by ammonium oleate, the rapid gelling properties of the latex are restored. 
From these experiments it is concluded that the nature as well as the 
amount of soap adsorbed on the rubber particles controls the gelation with 
zine oxide. 


COMPARISON OF GELATION OF LATEX WITH AMMONIA COMPLEXES OF ZINC 
AND CADMIUM 


It appeared interesting to investigate whether other metal-ammonia com- 
plexes would show the property of gelling latex at higher temperatures. The 
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in minutes. 


55°C 


time 


< 60°C 
170°C 
° 10 20 
millimoles of zinc oxide perioograms 
of rubber 


Fic. 3.—Effect of temperature on the gelation with zinc complex. 


ammonia complexes of nickel, copper, silver, cobalt, and cadmium were ex- 
amined. Only the cadmium complex acted in a manner similar to that of the 
zine complex 


One-molar solution were prepared of zinc and cadmium containing am- 
monium chloride and ammonia in the ratios: 1:2:6. 


To 60 per cent centrifuged latex increasing amounts of the metals were 
added as complex salts. Constant volume was not maintained. The gelling 


in minutes 


time 


1 
° 5 10 15 20 


millimoles of 


zinc Oxide perioOo grams of rubber 


Fig. 4.—Effect of the ammonia content on the gelation with zinc complex. 
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time, determined at a temperature of 70° C, is shown as a function of the metal 
concentration in Figure 1. 

It can be seen that cadmium causes faster gelling than zinc. However, the 
most important conclusion is that gelling is not confined to zinc complexes only. 


EFFECT OF ANION 


Comparative gelation experiments were carried out with complexes pre- 
pared by dissolving zine oxide in ammonia containing the ammonium salts of 
(1) nitric acid, hydrochloric and glutamie acids, and (2) acetic acid, formic 
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control 

2. 0.25X KOH number 
410%... 


w 
E 
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5 10 


millimoles of zinc oxide perioograms of rubber 


Fic. 5,—Effect of hydroxyl ions on the gelation with zine complex. 


acid and the pseudo-acid nitroethane. The zinc oxide concentration in the 
complex salt solution was 0.5 molar; the ratio of zinc oxide, ammonium salts, 
and ammonia was 1:2:6. The gelation temperature was 70° C. The results 
obtained can be grouped around two curves 1 and 2. More rapid gelation is 
exhibited by the acids mentioned under group (2) (Figure 2). 


EFFECT OF TEMPERATURE 


The effect of temperature is illustrated by the following example carried out 
with a preformed zinc-ammonia complex containing 0.5 molar zine oxide 
(1:2:6), with formate as anion. The gelation curve was determined at 50°, 
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55°, 60° and 70°C. At 50° C gelation is very slow, even with as much as 0.020 
gram-atom of zinc. With increase in temperature, the time of gelation de- 
creases, as shown in Figure 3. 


EFFECT OF AMMONIA CONCENTRATION 


In order to ascertain the effect of the ammonia content of the 60 per cent 
centrifuged latex on the gelling behavior, samples of latex were prepared with 
ammonia concentrations varying from 0.5 to 0.8 per cent on the latex. The 
dry rubber content was kept constant. As gelling agent a zinc-ammonia com- 
plex 2 molar with respect to zine oxide (1:2:6) was used in increasing amounts. 
The gelling temperature was 70°C. The results are plotted in graph 4 against 
time of gelling. It can be seen that an increase in ammonia content retards 
the gelling. 


EFFECT OF HYDROXYL AND PHOSPHATE IONS 


Potassium hydroxide was added to samples of latex in an amount equal to 
its KOH-number (0.73) and also in one-half and one-quarter of this amount. 
Gelation was brought about as in the preceding paragraph. The gelling curves 
plotted in Figure 5 show that gelation is retarded by the presence of hydroxyl 
ions. 

In order to determine the effect of phosphate ions, three mixtures were 
made up consisting of 167 ec. of 60 per cent latex, to which were added, re- 
spectively, 5 cc. of water, 5 ec. of a 3 per cent solution of secondary sodium 
phosphate, and 5 ec. of a 6 per cent solution of this phosphate. To these 
mixtures increasing proportions of a 2M zinc-ammonium complex (1:2:6) 
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i. control. 

2.with 3%phosphate 
3.with 6% . solution 


in minvtes 
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Fig. 6.—Effect of phosphate on the gelation with zine complex. 
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control 
0.25 gNH, Oleate 
3. 0.5 9.. 


time in minutes 


millimoles of zinc oxide periOOgrams of rubber 


Fia. 7.—Effect of ammonium oleate on the gelation with zine complex. 
were added, and the gelling times determined at 70° C. The gelling curves, 
plotted in Figure 6, showing that an increase in phosphate content retards 
gelling. 
EFFECT OF THE ADDITION OF AMMONIUM OLEATE 


Samples of latex containing increasing amounts of ammonium oleate were 
examined at 70° C, using a molar solution of zinc-ammonium complex (1:2:5) 
as gelling agent. Figure 7 illustrates the accelerated gelling caused by the 
added soap. 


DISCUSSION 


It was pointed out in the introduction that the complex cation ZN(NH3)4**, 
which is formed by the addition of zine oxide and ammonium salts to am- 
moniated latex, does not cause rapid gelation of the latex at room temperature. 
The compounds formed by the above cation with higher fat acids are particu- 
larly interesting, since they are very soluble at room temperature but (as we 
have recently observed) are reversibly decomposed on heating, giving simple 
zine soaps which are insoluble. On cooling the system, the zine soaps are 
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taken into solution again as soluble zinc-ammonium soaps. Expressed in 
terms of the cations involved, the reaction is: 


Zn(NH3)4** — ZN** + 4 NH; (2) 


On heating, the equilibrium shifts to the right, thereby increasing the zinc ion 
concentration. Measurements of the activity of the simple zinc ions in a solu- 
tion of zinc-ammonium nitrate at temperatures between 20° and 80° C re- 
ported in this paper confirm the above equilibrium shift. 

An explanation of the gelation of latex by zinc compounds can now be sug- 
gested. On heating a latex mixture containing a zinc-ammonia compound, 
free zinc ions are released which react chemically with the higher fat acids ad- 
sorbed on the rubber particles, forming an insoluble zine soap. The formation 
of a firm gel could be accounted for if the bivalent zine ions linked up adjacent 
rubber particles by combining with one fatty acid molecule from each of two 
adjacent particles, 7.e. : 


Znt* + 2 RCOO~ RCOO—Zn—OOCR 


This suggested mechanism is in good agreement with the results obtained 
for latexes containing an adsorbed film of Igepon-T, which does not form an 
insoluble zine salt; gelation of the latex is then greatly retarded, as shown in 
Table 2. The original fast gelling properties of the latex can be restored by 
substituting ammonium oleate for Igepon-T. 

The increase of gelling time caused by the presence of hydroxyl or phos- 
phate ions can be attributed to their interaction with some of the zine ions, 
yielding insoluble zinc hydroxide or phosphate, which is then uo longer avail- 
able for reaction with fat acids adsorbed on the rubber particles. 

The concentration of the ammonia is very important, since this influences 
the position of the equilibrium between the zinc-ammonia complex and the 
gine ions (Equation 2). A high ammonia concentration retards gelation, as 
the zine ions are forced back into the complex. 

The presence of ammonium salts containing different anions (nitrate, 
acetate, etc.) affect the time of gelation to different extents (Figure 2). Further 
work is required to explain adequately the influence of the different anions. It 
is our intention to continue investigations along the lines described in the pres- 
ent paper with a view, if possible, to establishing new methods for the evalua- 
tion of latexes differing in chemical stability and in the degree to which de- 
composition of no-rubber components has taken place. 


SUMMARY 


Zine oxide is known to be soluble to a certain extent in ammoniated Hevea 
latex. The solubility may be enhanced by several means, such as the addition 
of ammonium salts, and is due to the formation of zinc-ammonia complexes. 
The complexes themselves have no coagulating power. When heated, however, 
zine ions are produced by dissociation of the complexes, and these ions react 
chemically with the adsorbed soap on the rubber globules, forming an insoluble 
zine soap which links up all the rubber globules into a gel. 

Evidence in favor of the proposed mechanism was obtained by displacing 
the adsorbed natural higher fat acids of the rubber particles by a soap which 
does not form an insoluble zine soap, such as Igepon-T. A latex treated in this 
manner does not gel when heated with zine oxide and ammonium chloride at 
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70° C. By displacing the Igepon-T with ammonium oleate, the original rapid 
gelation is restored. 

Depending on the concentration of zine ions available at room temperature 
and the amount and types of higher fat acids on the latex particles, thickening 
or even gelling may occur at room temperature. 

The above interpretation of the reaction mechanism may lead to new 
methods for the evaluation of latex. 
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WATER VAPOR PERMEABILITY AND SORPTION 
OF HEVEA LATEX FILMS * 


Wituiam W. BowLer 


Tue Firestone Tire & Co., Akron, Onto 


It has been recognized for many years that Hevea latex films prepared from 
vuleanized latex must differ greatly in structure from such films when vulean- 
ized after drying. Of particular industrial importance is the fact that films 
from vuleanized latex (prevulcanized films) are very weak before complete 
drying, yet, when dry, their tensile strength compares favorably with that of 
films which are vuleanized in the dry state (dry vulcanized films). Hauser", 
using a micronianipulator, discovered that during liquid vuleanization the 
Hevea latex particle changes from an easily deformable plastic mass to an elastic 
particle, which, in overvulcanization becomes crumbly. As a result of a later 
investigation, Hauser, le Beau, and Kao*® advanced the theory that prevul- 
canized films depend for their strength on the formation of sulfur linkages be- 
tween particles, and that these bonds cannot form until drying has proceeded 
far enough to diminish Brownian motion and to allow the individual particles 
to approach each other more closely than is possible in the wet state. 

After a thorough study of vuleanized latex, van Dalfsen* stated that in 
fresh latex, which has a thick adsorption layer on the rubber particles, the high 
tensile strength of prevulcanized films is a result of secondary van der Waals 
forces between the individual particles. These forces are large when the par- 
ticles approach each other closely in a dried film, but are necessarily much 
weaker in a wet film when the particles are protected by a swollen adsorption 
layer. In old or purified latex, with a thinner adsorption layer, sulfur bonds 
may form from one particle to the next, according to van Dalfsen. In a film 
vuleanized in the dry state, on the other hand, the tensile strength depends to a 
great extent on the primary valence forces of sulfur bonds. These sulfur bonds 
not only cross-link the long, randomly coiled molecules within each particle, 
but join molecules from different particles as well. More recently, Humphreys 
and Wake’ stated that in prevuleanized films the cohesion between particles 
can only be due to the van der Waals or secondary valencies. 

Since van Dalfsen® found that prevuleanized and dry vulcanized films differ 
radically in water vapor permeability, an investigation of this phenomenon was 
undertaken. It was hoped that further permeability studies would yield in- 
formation, not only on the mechanism of water vapor permeation through latex 
films, but also on the structure of the various types of films. . 

The permeation of water vapor through a rubber film can be considered to 
consist of two processes, the sorption of water vapor at one side of the film, 
followed by diffusion of water vapor through the film, and evaporation at the 
other side. In the ideal case, the number of grams of water vapor, Q, passing 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 4, pages 787-791, April 1952. 
This paper was presented before the Division of Rubber C eg?! Oy the Diamond Jubilee Meeting of the 
American Chemical Society, New York, N. Y., September 4-7, 
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through the area, A, of a film of thickness z in time ¢ is given by the relation: 


A-t-Ap 


Q = 


(3) 
where Ap is the vapor pressure difference across the film and P is the constant 
of proportionality called the permeability constant. P has the dimensions 
M-L/L?-t-(pressure) and in this study is expressed as grams/cm./second/em. 
of mercury. For the sorption of water vapor by rubber, the sorption coeffici- 
ent, S, can be defined by the expression : 


C=S-p (2) 


where C is the concentration of water in grams of water per cc. of rubber, and p 
is the aqueous vapor pressure in em. of mercury. The constants, P and S, can 
be related®, in the units mentioned by the expression : 


P=D-8 (3) 


where D is the diffusion constant. However, D can only be calculated from P 
and S values when the processes represented in Equations | and 2 are followed. 
The permeation and sorption processes were first studied, therefore, to deter- 
mine how closely these two expressions are followed for latex films. 


EXPERIMENTAL 


The method used to study the permeability of latex films to water vapor 
consisted of sealing a film across an aluminum cup containing water or a satu- 
rated salt solution, placing the cup in a desiccator containing aluminum oxide 
as desiccant, and determining the rate at which the cup lost weight when the 
desiccator was immersed as far as the rim in a constant temperature bath. The 
aluminum cups (Figure 1) were machined from block aluminum, and were 
similar to the design suggested in the A.S.T.M. procedure for testing permeabil- 
ity of plastic materials’. The circular area through which permeation took 
place was 7.92 sq. cm. Water or a saturated salt solution provided a known 
vapor pressure, p:, on the lower side of the film, and the desiccant a vapor 
pressure, po, of zero on the other side. The vapor pressure difference across 
the film, Ap, was then Ap = pi — po. A few experiments were made with the 
desiccant in the cup and the aqueous solution in the desiccator. Both direc- 
tions of vapor flow yielded the same rate for a given film in .very test. The 
thickness of the film was measured by means of a dial gage graduated to 0.001 
inch. There was no detectable change of thickness during an experiment. 

To prepare a cup for a run, water was first placed in it or, if a salt solution 
was used, the solution was placed in a small glass container in the bottom of the 
cup. A circular film, cut slightly larger than the 1.25-inch diameter opening, 
was placed over the mouth, and an aluminum ring, having an inside diameter 
equal to that of the cup, was placed on the film and centered by means of a 
template fitting the raised outer rim of the cup. A heated beeswax-rosin mix- 
ture was poured around the edge of the ring to seal off the edge of the film. 
The complete assembly, cup, film, and ring, was then placed in the desiccator. 
A fan was inserted in the top of the desiccator through a mercury seal in order 
to keep the air in motion and retain a water vapor pressure of effectively zero 
at the upper surface of the film. Varying the speed of rotation of the fan did 
not alter the rate of permeation as long as a gentle flow of air over the film was 
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maintained. Weighings were recorded only after a constant equilibrium rate 
of vapor flow was established ; this usually required about 3 days. 
were then made after successive 24-hour periods. On most films five weighings 
were sufficient to yield a reliable average. All measurements were made at 
25.0° + 0.3° C, except in the experiments in which the effect of temperature 
was studied. It is recognized that, with no circulation of air inside the cup, 
the vapor pressure, p;, at the lower surface of the film might be less than that 
corresponding to the saturated aqueous pressure of the solution in the cup. 
However, the surface of the liquid was in all cases less than 0.5 cm. from the 


Weighings 


SORPTION BOTTLE 


PERMEABILITY CUP 


Fie. 1.—Permeability cup with ring; sorption bottle. 


film, and at the low rates of permeation encountered the error from this source 
was assumed to be negligible. Increasing the distance from the film to the 
surface of the solution in the cup to 1.0 em. did not alter the permeation rate. 

Sorption measurements were made by the method of Evans and Critchfield®, 
in which a dry film is suspended by a hook in a bottle (Figure 1) containing 
water or saturated salt solution supplying an atmosphere of known aqueous 
vapor pressure. Weighings were made by placing the bottle on a saddle across 
the pan of an analytical balance and suspending the wire holding the film from 


the end of the balance beam. When constant weight was attained, the sorption 
coefficient was calculated from Equation 2. 
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The films were prepared by pouring the latex, strained through cloth to 
remove coagulum and air bubbles, directly onto glass plates from a beaker, and 
allowing the film to dry at room temperature. Ammoniated, once-centrifuged 
natural latex, approximately 5 months old and of 60 per cent dry rubber con- 
tent, was used for the casting of most films. Basic compound as follows: 


Parts by 
weight 
(dry) 
Latex rubber solids 100.0 
Sulfur 1.75 
Zine diethyldithiocarbamate (Ethyl Zimate) 0.5 
Zinc salt of mercaptobenzothiazole (Zenite) 1.0 
Di-8 naphthyl-p-phenylenediamine (Agerite white) 0.25 
Zinc oxide 3.0 


Potassium hydroxide 


Prevulcanization was ordinarly carried out by allowing the compounded 
latex to stand at room temperature for 3 weeks; the film was vulcanized in the 
dry state by heating at 100° C for 1 hour. 

From ten determinations on films of slightly different thickness cast from 
one uncompounded latex, using water to supply a Ap value of 2.38 cm. of 
mercury, the average value of P was 3.19 X 10~'° grams/em./second/em. of 
mercury, and the probable error of a single observation, +0.675 (Zd?/n — 1)!, 
was 0.215 X 107'°. Consequently it was decided that three determinations on 
one film would yield results of sufficient accuracy for the present study; all 
measurements were made in triplicate. 


RESULTS 


The permeability of latex films was first studied as a function of the several 
variables in Equation 1. There can be no question of the direct proportionality 
between Q and ¢, since assembled cups lost weight at a constant rate after the 
initial adjustment period. Likewise, when cups of different sizes were used, 
the permeability constant was found to be independent of the area. Schultz, 
Miers, Owens, and Maclay® found, in an investigation of thin pectinate films, 
that P varied with A and attributed this effect to the inability of the desiccant 
to take up water rapidly enough when A was large. This difficulty was not 


GM/CM/SEC/CM HG Xx 10'° 


Pp 


6 


FILM THICKNESS - cm x 10 


Fig 2.—Effect of film thickness on permeability constant, P; Ap = 2.38 cm. hg. 
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encountered in the present study because of the relatively low rate of permea- 
tion through the much thicker latex films. 

The effect of film thickness, z, on the permeability constant, P, is shown in 
Figure 2 for a prevulcanized film and also for an uncompounded film. Each 
point is the average of several determinations. For the uncompounded film, 
P varies only slightly with film thickness over a wide range of thicknesses, but 
P increases greatly with thickness with prevuleanized films. Dry vulcanized 
films are entirely similar in their behavior here to uncompounded films, but 
the difference in behavior of the prevulcanized films is an indication that water 
vapor permeation in these films proceeds by a different mechanism. In all 
subsequent work, only those films were used whose thicknesses were between 
0.04 and 0.06 cm. 

The effect of Ap on the permeability constant for a prevuleanized and an un- 
compounded film is shown in Figure 3. Here again, P is nearly independent of 
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VAPOR PRESSURE DIFFERENCE -cmnc 
Fig. 3. 


Effect of vapor pressure difference on permeability constant, P; Ap = 2.38 em. hg. 


Ap for uncompounded films, but for prevuleanized films this is true only at Ap 
values below 1.5 em. of mercury. Above this value P increases very rapidly 
with Ap. In order to work in a region in which the permeabilities of these two 
types of films are of significant difference, then, it was decided in all subsequent 
experiments to use a saturated solution of potassium nitrate, giving an aqueous 
pressure of 2.22 em. of mercury at 25.0° C. Since this is outside the region in 
which P is independent of Ap, Equation | is not followed for prevuleanized 
films, and P is not a true proportionality constant. Hence in what follows, the 
value calculated from Equation 4 as P is designated as P! to show that it is 
limited to the above specific conditions. A pressure slightly below that corre- 
sponding to saturation was found to increase the reproducibility of the results 
on a single film, but the Ap value of 2.22 cm. of mercury is within the region 
where P' for prevulcanized films is very sensitive to small changes in Ap, and 
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results on these films consequently varied from film to film. In another experi- 
ment with prevulcanized films P varied with the magnitude of p; and pe as well 
as with their difference, Ap. A Ap value given by low values of p; and pe 
yielded a lower value of P than the identical Ap value given by high values of 
p, and pe. The different behavior of prevuleanized and uncompounded films 
at varying Ap values is additional evidence for the existence of different struc- 
tures in these two types of films. The most reasonable explanation for this 
difference in behavior is that diffusion takes place in prevuleanized films through 
capillary openings, which, if present at all in uncompounded or dry vuleanized 
films, are much smaller because the relative softness of unvuleanized rubber 
permits the latex particles to flow together on drying. 

No significant effect on permeability could be observed when films were 
electrodeposited or coagulant-dipped rather than cast, when the latex was 
diluted before casting, or when the ammonia content of the latex was varied. 

The effect of vapor pressure on the sorption of water vapor by uncom- 
pounded, dry vuleanized, and prevuleanized films is shown in Figure 4. Since 
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hig. 4. Effeet of vapor pressure on sorption coefficient, S; temperature = 25° C. 


both uncompounded and dry vuleanized films have larger S values than do 
prevuleanized films throughout the range studied, the difference must be at- 
tributed to a fundamental difference in structure of the prevulcanized films, 
rather than to the effect of compounding ingredients or to the altered nature of 
the polymer after vulcanization. The explanation for the lower sorption of 
prevuleanized films is not known. 

As shown in Figure 2, the permeability of prevulcanized films is greater than 
that for uncompounded films. Yet in the sorption experiments, prevuleani- 
zed films were found to sorb considerably less water per gram of rubber. Since 
the permeation process consists of sorption and diffusion, the actual diffusion 
rate of water through prevulcanized films must be considerably greater than that 
for uncompounded films and dry vulcanized films in order to offset the effect 
of the decreased sorption in prevulcanized films. This is an indication that the 


\ \ \ \ 
t 
| 
5 
10 
| 
4 
ion 


1012 RUBBER CHEMISTRY AND TECHNOLOGY 


difference in structure between the two types of films is actually very great. 
Since the permeability of prevulcanized films does not follow Equation 1, and 
the sorption of water vapor by uncompounded and dry-vuleanized films does 
not follow Equation 2, it is not possible to calculate a true diffusion constant by 
means of Equation 3. 

The permeability, P', of various films is shown in Table I. An uncom- 
pounded film cast from the 5-month old latex had a permeability under the 
conditions of the test of about 2.6 X 10~'° grams/cm./second/em. of mercury, 
whereas this value was decreased about 25° with the 6-year old latex. How- 
ever, since these were different latexes, the difference cannot be definitely at- 
tributed to the age of the latex. Van Dalfsen® found that film permeability 


TABLE 


Errect or AGE or LATEX, PRESENCE OF COMPOUNDING INGREDIENTS, AND 
Fitm TREATMENT ON PERMEABILITY OF LATEX FILMS 


(Temperature = 25.0° C; Ap = 2.22 cm. Hg) 


P|, 

(g./em. / 

sec. /em. 

Latex used Treatment Hg X 10') 
Uncompounded, 5 months 

old No cure 

Uncompounded, 2 years old No cure 

Uncompounded, 6 years old No cure 

Basic compound No cure 

Basic compound less 8 No cure 


Basic compound less ZnO 

Basic compound 

Basic compound plus 4.4 
parts/100 KCl 

Basic compound plus 0.5 
part/100 casein 

Basic compound plus 1.0 


part /100 potassium oleate 


Basic compound plus 3.3 
parts/100 KOT 

Basic compound 

Basic compound 

Basic compound 

Basic compound 

Basic compound 


Basic compound 


increased with the length of storage of the latex. 


Dry cure, 100° C 
Dry cure, 100° C 


Dry cure, 100° C 
Dry cure, 100° C 
Dry cure, 100° C 


Dry cure, 100° C 

Wet cure, 1 day, 25° C 

Wet cure, 4 days, 25° C 

Wet cure, 19 days, 25° C 

Wet cure, 45 days, 25° C 

Wet cure, 21 days at 25° C 
(film soaked in water | 
week) 

Wet cure, 2 minutes, 78° C 


= 


With the 5-month old latex, 


compounding and heating, with or without zine oxide, also reduced the per- 
meability about 25 per cent. Addition of potassium chloride and casein did 
not alter the permeability of dry cured films; addition of potassium oleate in- 
creased P! about 25 per cent and addition of potassium hydroxide, about 500 
percent. Curing latex in the wet state at room temperature for this particular 
compound increased the permeability for about 21 days, after which no sig- 
nificant increase took place. A wet cure at an elevated temperature had a 
similar effect, although heating for more than 2 minutes at 78° C could not be 
accomplished without the presence of added stabilizer because of coagulation 
of the mixture. The permeability of a prevulcanized film was reduced to about 
one-tenth the original value by soaking in distilled water for 1 week; the per- 
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PER CENT ELONGATION 
Fig. 5.—Effect of stretching on permeability of uncompounded films; Ap = 2.22 cm. Hg. | 


meability of uncompounded and dry vulcanized films was not altered by such 
soaking. The large increase in permeability of prevulcanized films with in- 
creasing precuring time can be attributed to the gradual stiffening of the rubber 
particles with vulcanization. 
‘ Data illustrating the effect of stretching on the permeability of two uncom- 
pounded films are plotted in Figure 5. These films were stretched at various 
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Fig. 6.—Effect of temperature on permeability. 
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elongations for | hour and relaxed for 1 day before the permeability was meas- 
ured. Under these conditions, crystallization would not be expected to play 
any important part in the process. The length of time during which the films 
were stretched was found to have no effect on the subsequent permeability. A 
film cured after drying suffered no change in permeability after stretching. 

In Figure 6 are plotted the measured P' values for uncompounded, dry 
vulcanized, and prevuleanized films at four different temperatures from 15° to 
45° C. The difference in the behavior of prevulcanized films is striking and 
indicates again that prevulcanized films are significantly different in structure 
from uncompounded ‘and dry vulcanized films. 


DISCUSSION 

According to Doty, Aiken, and Mark®, three types of diffusion through 
polymer films can be recognized: (1) gaseous diffusion through capillary holes; 
(2) activated diffusion through the polymer itself; and (3) activated diffusion 
through capillary holes whose walls are lined with active centers of high adsorp- 
tion power. It seems reasonable to assume that diffusion takes place in pre- 
vulcanized films primarily by this third mechanism, since it is likely that large 
capillaries, lined with hydrophyllic material, exist in such films as a result of 
the relative stiffness of the vulcanized rubber particles. This assumption would 
explain the great increase in the permeability constant with film thickness for 
prevulcanized films. It is only with pure gaseous diffusion, with no forces of 
attraction between diffusing molecules and the film, that P would be expected 
to be independent of film thickness. This assumption would also explain why, 
for prevulcanized- films, P varies with the magnitude of p; and pe. At low 
values of p; and pe the capillaries are lined mainly with hydrophyllie surface 
naterial, whereas at high values of p; and pe with adsorbed water molecules 
and diffusion could conceivably be much greater through such water-lined capil- 
laries. Likewise the reduction in permeability of prevuleanized films after 
soaking in water would follow as a result of the washing out of the hydrophyllic 
material containing the active centers for adsorption. 

On the other hand, diffusion in dry vuleanized films probably takes place 
by an activated diffusion mechanism of a different type, the water molecules 
moving through temporary “holes” which do not pre-exist, but are the result of 
thermal movements in the molecules of the materiais composing the film. This 
type of diffusion undoubtedly takes place through both rubber polymer and 
the adsorbed layer. The lower sorption of water vapor by prevulcanized films 
may be a result of the continual desorption of water molecules into the large 
capillary spaces. Such desorption is impossible in uncompounded or dry 
vuleanized films, which do not have these large capillaries. 

In uncompounded films, diffusion probably takes place by essentially the 
same mechanism as in dry vulcanized films. However, small capillaries, prob- 
ably destroyed by heating in dry vulcanized films, must exist in uncompounded 
films, and some diffusion would then occur by the same mechanism as that in 
prevuleanized films. The decrease in permeability of uncompounded films on 
stretching would then result from the destruction of these residual capillary 
spaces, and the permeability of the stretched film tends to fall to the value ex- 
pected for a dry vuleanized film. 

The effect of temperature on permeability can be attributed, at least in 
part, to a difference in the energy of activation for the two different diffusion 
processes. This temperature effect may also result from a positive temperature 
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dependence of desorption of water molecules from active centers into the larger 
capillaries of prevulcanized films. 

The question of whether the strength of prevulcanized films is due to sec- 
ondary forces between the individual latex particles or to sulfur linkages be- 
tween the particles is a difficult one. At first glance, one would expect that a 
prevulcanized film, if secondary forces between the particles are responsible 
for its strength, would resemble an uncompounded film in stress-strain proper- 
ties. Actually a prevulcanized film is more nearly similar to a dry vulcanized 
film, in which there is present a three-dimensional network of primary valence 
bonds. Humphreys and Wake‘ offer as evidence against the formation of inter- 
particle sulfur bonds the collapse of a prevuleanized film into discrete particles 
when swollen in benzene. With films which are several months old, however, 
there is not such a great difference in behavior between those prevulcanized and 
those dry vulcanized, on swelling in benzene. Both types of films swell, be- 
come weaker, and recover a great part of their strength on drying. The pre- 
vuleanized film becomes slightly weaker in the swollen state but crumbles on the 
application of large shearing stresses only to a slightly greater extent, than the 
dry vulcanized film. When a vuleanized latex dries, sulfur and the ether com- 
pounding ingredients are deposited at the interfaces between particles. The 
extent to which sulfur bonds form from one particle to the next would seem to 
depend on the amount of interfering adsorption material present and on the 
subsequent treatment of the film. If little or none of such interfering material 
is present, it seems difficult to suppose that interparticle sulfur bonds would not 
form on subsequent heating of the film, or even on standing at room tempera- 
ture for a sufficient length of time. If such sulfur bridges do exist between par- 
ticles, then the problem of explaining the high tensile strength of prevuleanized 
films is much less difficult, since both prevuleanized and dry vuleanized latex 
films then possess an essentially similar primary valence network, despite the 
presence of larger capillary openings in the ; -evuleanized film. It would not 
be necessary for bonds to form at every interface between particles for a com- 
plete three-dimensional network to exist. 


SUMMARY 


A considerable structural difference exists between Hevea latex films vul- 
canized after drying and those vuleanized in the latex state. Since these two 
types of films differ considerably in water vapor permeability and sorption, a 
careful study has been made of these phenomena. The weight of water per- 
meating an uncompounded film was inversely proportional to the thickness of 
the film over a wide range of thicknesses, and directly proportional to Ap, the 
vapor pressure difference across the film, except at very high values of Ap. 
However, films cast from vuleanized latex were much more permeable to water 
vapor, sorbed considerably less water, and had a greater negative temperature 
dependence of permeability than uncompounded or dry vuleanized films. 
These experiments indicate that diffusion takes place in prevuleanized films 
by an activated diffusion through capillary holes and in dry vulcanized films 
by an activated diffusion through the polymer itself or the adsorption layer. 
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HYCAR NITRILE RUBBERS—have excellent processing character- 
istics and proven uniformity. Exceptional 
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solvents. 
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unusually high resistance to deformation at 
high temperatures. Excellent flexing and 
ozone resistance. 


GOOD-RITE RESIN 50—a low gravity reinforcing resin, first in a 
series of new resins for rubber compound- 
ing. Easy processing—and a highly valuable 
processing aid for hard compounds. Ex- 
cellent compatibility with natural and syn- 
thetic rubbers. 


Hycar 


Reg US Pat. Of 
/ 
For information, please write Dept. HF-4. 


B. F. Goodrich Chemical Company 


A DIVISION OF THE B. F. GOODRICH COMPANY 
ROSE BUILDING CLEVELAND 15, OHIO 
17 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 
able as a convenient reference of ‘‘ Rubberana.”’ 


Specify materials from suppliers listed on 
page 30. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o EK. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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As developed by U.S. Bureau of Standards* 
and modified by Scott Testers, Inc. 


Completely Mechanical 


Method Additive 
Weight 


e e 
7 
Performs elongation test on rubber and 
otier elastomers, suspended in a free 


static condition for a predetermined pe- 
riod of time. 


4 stress ranges: 50, 100, 200 and 
400 Ibs. psi. 


Additive weight control wheels are ad- 
justed to number corresponding to 
number observed on thickness gage for 
sample—weight addition automatic. 


Operator remains seated. Mirror sys- 
tem permits direct viewing and control. 
Test figure appears as a percentage of 
the original gage length, no computation. RE QU EST 


* Reference does not constitute BU LLETI N 


endorsement by the Bureau. 


SCOTT TESTERS, ING. 
Tests — Standard of the World 
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ACCELERATORS 
PLASTICIZERS 
ANTIOXIDANTS 


The C.P. Hall G. 


CHEMICAL MANUFACTURERS 


@ AKRON, OHIO © LOS ANGELES. CALIF. © CHICAGO, ILL. © NEWARK, N. J. 


STAMFORD “FACTICE” 
VULCANIZED OIL 


(Reg. U. S. Pat. Off.) 


Our products are engineered to fill every need in 
natural and synthetic rubber compounding wherever the use of vulcanized 
oil is indicated. 

We point with pride not only to a complete line of solid Brown, White, 
*Neophax” and “Amberex”’ grades, but also to our aqu>ous dispersions and 
hydrocarbon solutions of ‘‘Factice’’ for use in their appropriate compounds. 


Continuing research and development in our laboratory and rigid produc- 
tion control has made us the leader in this field. 


The services of our laboratory are at your disposal in solving your com- 
pounding problems. 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 


Manufacturers of “Factice” Brand Vulcanized Oil 
Since 1900 
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THE STAMFORD RUBBER SUPPLY CO. 
l 
a 20 
‘ 
| 


For Prompt and Complete Coverage of Current 
Technical and News Developments in the Rubber 
Industry — 


READ 


$5.00 a year 
$7.50—2 years 


$10.00—3 years One of the World's Outstanding Rubber Journals 


For Full Information on Rubber Manufacturers 
and Their Products; Material, Equipment and 
Services Used by Rubber Manufacturers; Who's 


Who in the Rubber Industry — 


READ 


RED BOOK 


1953-54 Edition Directory of the Rubber Industry 
$10.00 a copy 


Published By 


PALMERTON PUBLISHING COMPANY, Inc. 
250 West 57th Street New York 19, N. Y. 
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announcing 


COLUMBIA-SOUTHERN’S NEW RUBBER PIGMENT 


calcene 


PROVIDES EXCELLENT WHITENESS AT REDUCED COST 


Calcene NC is the latest addition to Columbia-Southern’s 
family of white reinforcing pigments. Samplesof Calcene NC 
for your experimental purposes are available for the asking. 


Columbia-Southern exclusive pigments for the rubber industry 
CALCENE NC « CALCENE TM ¢ SILENE EF e¢ HI-SIL 


COLUMBIA- SOUTHERN 
CHEMICAL CORPORATION 
SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
FIFTH AVE. AT BELLEFIELD- PITTSBURGH 13, PA. 


ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 
KEEP YOUR NAME AND YOUR 


PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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Ready Now! 


MACHINERY and EQUIPMENT 
for 
RUBBER and PLASTICS 


VOLUME I 
PRIMARY MACHINERY AND EQUIPMENT 


The only book of its kind ever offered to the Rubber and Plastics 
Industries and the first to be published since Pearson’s “Rubber 
Machinery” in 1915. Compiled by Robert G. Seaman and Arthur 
M. Merrill, the present Editors of India RUBBER WORLD, with the 
cooperation of an Editorial Advisory Board of experts in their re- 
spective fields. Each chapter is preceded by an article written by 
recognized authorities on the equipment, its purposes for specific 
products, and best method of using it. 


Volume | has over 800 pages of editorial content with authorita- 
tive descriptions for each machine classification: Types, Specifica- 
tions, Design Features, Operation, and Applications, as well as 
names and addresses of the manufacturers or suppliers. More than 
300 illustrations. Cloth-bound for permanence. 


Send for free copy of complete prospectus. 


Volume 1—$15.00 Postpaid in U. S. A. 
$16.00 Elsewhere 


Volume !|—Supplementary Machinery and Equipment, is now in 
preparation and will be published in the near future. 
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SERVING THE 
1 RUBBER INDUSTR 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 
A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 
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Works at Bristol, Pa. 


RUBBER 
SUBSTITUTES 


(Vulcanized Vegetable Oils) 


Manufactured since 1903 by 


THE CARTER BELL MFG. CO. 
SPRINGFIELD NEW JERSEY 
Represented by: 


HARWICK STANDARD CHEMICAL CO. 
Akron — Boston — Trenton — Chicago — Denver — Los Angeles 
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THE strange-looking object shown below is a 
metallurgical monstrosity — a cluster of zinc 
oxide crystals which was fourid in the neck of a 
zinc retort where it had grown in the course of 
years of abnormal operation of the furnace. 


Actual size is about 1/4 of that shown below. 


Although zinc oxide is crystalline in nature 
when viewed under a microscope, it is very 
rare to encounter the conditions of extreme 
heat combined with great pressure which were 
responsible for the uncontrolled growth of a 
normal Zn0 crystal to this size. 

St. Joe lead-free Zinc Oxides produced by 
our patented electrothermic process, are sub- 
jected to rigid control during all stages of 
manufacture — from ore to oxide. Absolute 
order-to-order uniformity is thus guaranteed 
to our customers. 


Complete physical and chemical properties 
of St. Joe lead-free Zinc Oxides are described 
in our new technical manual, ST. JOE ZINC 
OXIDES. Write for your free copy — om your 
company letterbead please. 


ST. JOSEPH LEAD COMPANY 
250 PARK AVE., N.Y.17 Eldorado 5-3200 
Plant & Laboratory: Monaca (Josephtown) Pa. 
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WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 


For compounding rubber and synthetic 
rubber. 


No. CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 
33 Rector Street -°- New York 6, N.Y. 
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CARBON BLACKS 


Wyex (EPC) 

Easy Processing Channel Black 
Arrow TX (MPC) 

Medium Processing Channel Black 
Essex (SRF) 

Semi-Reinforcing Furnace Black 
Modulex (HMF) 

High Modulus Furnace Black 


Aromex (HAF) 

High Abrasion Furnace Black 
Aromex 115 (SAF) 

Super Abrasion Furnace Black 
Arovel (FEF) 

Fast Extruding Furnace Black 


80% Carbon Black + 20% 
Process Oil 


CLAYS 


Suprex Clay 
Paragon Clay 
Hi-White R 
Hydratex R 


RUBBER 


Turgum S, Natac, Butac . 
Zeolex 20 . 


. 


High Reinforcement 
- + Easy Processing 
. White Color 
Water Fractionated 


CHEMICALS 
Resin-Acid Softeners 
- Accelerator Activator 


. Reinforcing White Pigment 


J. M. HUBER CORPORATION ~ 100 Park Ave., New York 17, New York 


ACROSS THE BOARD 


TITANIUM PIGMEN 
CORPORATION 


Subsidiory of NATIONAL LE 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Calco Chemical Division . . 
American Zinc Sales Company 

Barrett Div., The, Allied Chemical & Dye Corp 

Binney & Smith Company...(Opposite Table of Contents) 16 
Cabot, Godfrey L., Inc 9 
Carter Bell Manufacturing Company, The 

Columbia Southern Chemical Corporation 

Du Pont Rubber Chemicals Division 

General Atlas Carbon Company 

Goodrich, B. F., Chemical Company 

Goodyear Tire & Rubber Company, The 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 


Huber, J. M., Corporation 
India Rubber World 
Monsanto Chemical Company 
Naugatuck Chemical Division (U. 8. Rubber Company). . 
Neville Company, The 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan-American Refining Corp., Pan American Chemicals Div. 8 
Phillips Chemical Company 
(Opposite Inside Front Cover) 1 
Rare Metal Products Company 25 
Richardson, Sid Carbon Company 
Rubber Age, The 
St. Joseph Lead Company 
Scott Testers, Inc 
Sharples Chemicals, Inc 
Southern Clays, Inc 
Stamford Rubber Supply Company, The 
Sun Oil Company, Sun Petroleum Products 
(Opposite Title Page) 
Superior Zine Corporation 
Thiokol Corporation, The 
Titanium Pigment Corporation 
United Carbon Company 
Vanderbilt, R. T. Company 
Witco Chemical Company 
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Uniformly 


Free Flowing 
‘Grit-Free 


Well Formed Pellets 


The quality SRF carbon black : 
used regularly by the world’s 
leading rubber manufacturers. 


The 
GENERAL ATLAS 


Carbon Co. 


77 FRANKLIN ST., BOSTON 10, MASS. 


Herron Bros. & Meyer Inc., New York ond Akron 

Herron & Meyer of Chicago, Chicago 

Raw Materials Compony, Boston 

H_N. Richards Company, Trenton 

The’B. E. Dougherty Company, Los Angeles and San Francisco 
Delacour- Gorrie Limited, Toronto and Montreol 
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production 
problems 
is costing 


mane 
you iG 


Many costly production problems 
can readily be solved through the 
use of Barrett’s rubber compound- 
ing materials. We invite your use 
of Barrett’s new Applications Re- 
search Laboratory, Edgewater, New 
Jersey, in solving your particular 
problem. May we send you our 
booklet describing the complete 
equipment and services of the 
laboratory ? 


Carbonex* Rubber Compounding 
Hydrocarbon 

Bardol* Rubber Compounding Oil 

BARDOL B Rubber Compounding Oil 

Dispersing Oil 10 

CUMAR®* Resin 

BRC*20 Rubber Compounding Pitch 

“BRC’30 Rubber Compounding Pitch 

BRV* Rubber Softener 

BRT*3 Rubber Reclaiming Tar 

“BRT”’4 Rubber Reclaiming Tar 

Resin “C”* Compounding Material 


1. Tensile strength 
2. Heat build-up 
3. [[) Tear resistance 


Crack growth resistance 


Barrett is 


BARRETT DIVISION 
ALLIED CHEMICAL & DYE CORPORATION 
40 RECTOR STREET, NEW YORK 6, N. Y. 


In Canada: 


The Barrett Company, Ltd., 
5551 St. Hubert St., Montreal, Que. 


*Reg. U.S. Pat. Off. 
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You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement . . . 
any type compounding material es 


product development and production runs. 
Our services are offered in co- 
operative research toward the 


application of any compounding 
material in our line to your 


production problems. 


HARWICK STANDARD CHEMICAL Co. 


AKRON 5, OHIO 
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can HORSE 
formulat 
formulate HEAD’ 
LINC 
OXIDES 


.-» Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 
1. It is the only line having such a wide of particle 
i pa and 
2. Its conventional types cover the range of American 
and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
t means you need not waste time a 
Zinc Oxide to fo specific compound. ty just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


of orse Head Zinc Oxides. 

of your com ; 

et nearly a century, more rubber 

manufacturers have used more tons of Horse Head Zinc 

Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 7, N. Y. 
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DIRECTORY 


of the 


DIVISION RUBBER 


American Chemical Society 
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Members aud pbssociates 
of, the 
DIVISION of RUBBER CHEMISTRY 


American Chemical Society 


March 12, 1952 


This list is authorized by your Executive Committee and is sent to you 
for your information. It must not be used in any way, directly or indirectly, 
for advertising or circularizing purposes or as a basis for solicitation. 
Failure to accept and abide by these restrictions will be considered by 
your Committee to be a breach of good faith. 

C. R. HAYNES, Secretary 


Division of Rubber Chemistry 
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DIVISION OF RUBBER CHEMISTRY 


American Chemical Society 


OFFICERS 
W. L. Semon .................... Chairman 
S. G. Byam ........... ; Vice Chairman 
C. R. Haynes ........... Secretary 
A. W. Oakleaf Treasurer 
DIRECTORS 
R. E. Bitter H. L. Ebert H. F. Palmer 
S. M. Boyd J. H. Fielding P. O. Powers 
M. R. Buffington H. L. Fisher E. C. Siverson 
R. A. Claussen F. S. Frost, Jr. J. C. Walton 
C. C. Davis B. S. Garvey, Jr. G. M. Wolf 


J. H. Ingmanson 
E. H. Krismann 


SPONSORED RUBBER GROUPS 


AKRON LOS ANGELES 

BOSTON NEW YORK 

BUFFALO NORTHERN CALIFORNIA 
CHICAGO PHILADELPHIA 
CONNECTICUT RHODE ISLAND 

DETROIT SOUTHERN OHIO 

FORT WAYNE WASHINGTON, D. C. 


(Application pending) 
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BACHMANN, JOHN H.. 584 Sunset View Drive, 
Akron, Ohio (Columbia-Southern Chemical Corp.) 
— A. L., Kings Highway, R. D. 2., Coatesville, 
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N. Y. (Baird Rubber & Trading Co.) 

*BAKER, DEMING E., 1757 - 16th St., 
Falls, Ohio (MonsantO Chemical Co.) 

“BAKER, ENOS H., 245 N. Highland Ave., Akron, 
Ohio ‘Binney & Smith Co.) 

BAKER, J. C., 28 Deshon Manor, R. D. 5, 
Pa. (Castle Rubber Co.) 

BAKER, LAWRENCE M., 32 Waldorf Dr., Akron 13, 
Ohio (General Tire & Rubber Co.) 

BAKER, ROBERT C., Jr., 1305 Prospect Dr., Kynlyn 
Apts., Wilmington, Del. (E. I. duPont de 
Nemours Co., Inc.) 

BALAZS, G. G., Goodyear Tire & Rubber Co., Ltd., 

Box 126, Uitenhage, Union of South Africa 


Bay Shore, 


Cuyahoga 


Butler, 


BALD, ARTHUR E., Jr., 80 E. Plumstead Ave., 
Lansdowne, Pa. (Columbia Southern Chemical 
Corp.) 

BALDRY, GEORGE S., Back River Road, Reeds 
‘erry, N. H. (Industrial Health) 

*BALDWIN, CHARLES M., 102 Blackstone Ave., 
LaGrange, Ill. (United Carbon Co.) 

BALDWIN, JAMES L., 1704 E. 10th St., Indian- 
apolis. Ind. (U. S. Rubber Co.) 

BALL, JOHN M., Millstone Road, Wilton, Conn. 


(Midwest Rubber Reclaiming Co.) 

BALLARD, EDWIN W., 623 Primrose Place, Lima, 
Ohio (Gro-Cord Rubber Co.) 
BALLARD, JAMES W., R. F. D. 

(Firestone Tire & Rubber Co.) 
BALLIET, KARL E., Route 5, Bedford, Va. 

(Rubatex Division, General American Industries) 
BANTA, R. C., 1402 Columbia St., LaFayette, Ind. 


3, Ravenna, Ohio 


BARG, ALVIN, 6229 Larchwood Ave., Philadelphia 
48, Pa. (Aldon Rug Mills) 

BARG, JOHN L., 56 E. Mapledale Ave., Akron 1, 
Ohio 


BARGMEYER. E. G. H., 329 State St., Mishawaka, 
Ind. (U. S. Rubber Co.) 

BARNES, G. H., R. D. 14, Box 308, Akron 3, Ohio 

BARNETT, CHARLES, 2200 E. Westmoreland St., 
Philadelphia 34, Pa. 

BARNHART, ROBERT R., 121 Marjorie St., Nauga- 
tuck, Conn. (Naugatuck Chemical Co.) 

BARRETT, ARTHUR E., 192 Fleming Ave., Vallejo, 
Calif. (Mare Island Shipyard) 

BARRETT, GERALD R., 34 Allen 
Mass. (Monsanto Chemical Co.) 

BARROWS, FRANK E., 21 Hillcrest Road, Glen- 
Ridge, N. J. (Pennie, Edmonds, Morton, Barrows 
and Taylor) 


Rd., Winchester, 


BARROWS, ROBERT S., i3 Clearview Ave., Wil- 
mington 278, Del. 
BARTEL, A. W., 221 N. Vail Ave., Montebello, 


Calif. (U. S. Rubber Co.) 

BARTELL, CHARLES, 189 Highland Ave., Highland 
Park, N. J. 

BARTLE, CARL A., 308 Hawthorne Dr., Brandywine 
Hills, Wilmington 3, Del. (E. I. duPont de 
Nemours Co., Ine.) 

BARTLETT, ELMER S&., 94 Columbus Ave., Holyoke, 
Mass. (Holyoke Wire & Cable Corp.) 


BARTLETT, M. C., 746 Orlando Ave., Akron 20, 


Ohio (B. F. Goodrich Co.) 


BARTON, B. C., 119 Merrill Road, Clifton, N. J. 
(U. S. Rubber Co.) 

BARUTH, ELMORE J., 200 Forest Hill Dr., West 
LaFayette, Ind. (Brown Rubber Co.) 

BASCOM, ROGER C., 169 Lee Rd., Berea, Ohio 
(B. F. Goodrich Chemical Co.) 

BASHORE, H. H., 2240 W. Grand Blvd., Detroit, 


Mich. (Automotive Rubber Co.) 

BATISTA, ISMAEL, 103 Liberty St., Lynn, Mass. 
BATSON, W. G., Compania Goodyear Del Peru, 
Apartado 1690, Lima Peru, South America 
BATTS, HARVEY JEAN, 5421 N. Park Dr., Indian- 

apolis, Ind. (U. S. Rubber Co.) 
*BATTY, WARD, 17126 Fairfield, 
(Gates Rubber Co.) 
*“BAUDELOT, Mr., Usines Paulstra, Route de Perin- 
wondas, Chateaudun, Eure Et Loir, France ; 
BAUER, CHARLES, JR., 2650 Marion Ave., Bronx 
5s, New York (American White Cross Labs.) 
BAUM, ARTHUR A., 223 Champlain Ave., Bellemour, 
Wilmington, Del. (E. I. duPont de Nemours Co., 
Inc.) 
BEACH, DOUGLAS M., 905 Elmore Ave., 
Ohio (B. F. Goodrich Company) 
BEAL, CARL L., Edwards Rd., R. D. 
York (Behr-Manning Corp.) 
BEALE, CARROLL F., 34 Ann Street, 
Ontario, Canada 
*BEATTY, J. R., 146 S. 
(B. F. Goodrich Res.) 
BEAUDRY. J. T., Dominion Rubber Co., Ltd., 1665 
Notre Dame St., E., Montreal, P. Q., Canada 
BEAVER, DAVID J., 1131 McKnight Rd., Richmond 
Heights 17, Mo. (Monsanto Chemical Co.) 
BEBB, ROBERT L.. 1074 Cadillae Blvd., 
Ohio (Firestone Tire & Rubber Co.) 
BERBER, A. J., Rothrock Road, Copley, Ohio 
eral Tire & Rubber Co.) 

BECHER, H. L.. 34 Ashmore Ave., Trenton 10, NiJ. 
(Homasote Co.) 
BECHTEL, W. H., Kaufman 
Kitchener, Ont., Canada 


Detroit 21, Mich. 


Akron 2, 
4, Troy, New 
Brockville, 


Pershing Dr., Akron, Qhio 


Akron, 


(Gen- 


Rubber Co., Ltd., 


BECK, CURT B., 411 N. Starkweather, Pampa, 
Texas 
BECKETT, BRANDT H., 5822 E. Washington &t., 


10, Indianapolis. Ind. (U. S. Rubber Co.) 
BECKVOLD, OSCAR E., JR., 77 Arnold Ave., Edge- 
wood 5, R. I. (U. S. Rubber Co.) ; 
BeDELL, ALYN M., 4153 N. Greenview Ave., Qhi- 
cago 13, Il. (Rubber Consultant Technologist) 
BEDFORD, L. A., 295 Grove St., Akron 2, Qhio 
(Goodyear Tire & Rubber Co.) 
BEEBE, PAUL, 417 Roslyn Ave., 
(Goodyear Tire & Rubber Co.) 
BEEBE, P.. JR., 2269 Harding Rd., Cuyahoga Falls, 
Ohio (Goodyear Tire & Rubber Co.) 


Akron, Ohio 


BEEN, JEROME L.. 225 Bellville Ave., Bloomfield, 
N. J. ¢Rubber & Asbestos Corp.) 

BEERY, DONALD W., 410 N. Neville St., Pitts- 
burgh 13, Pa. (Blaw-Knox Const. Co.) 

BEHNEY, D. F., 1018 Roslyn Ave., Akron, Ohio 
(Harwick Standard Chemical Co.) 

BEKEMA, N. P., 118387 Laing, Detroit 24, Mich. 


(U. S. Rubber Co.) 
BEKKEDAHL, NORMAN, 4825 - 45th St., N. W., 
Washington 16, D. C. (National Bureau of 
Standards) 
BELISLE, JOSEPH, Thiokol Corp., 


Trenton, N. J. 


*BELL, A. W., 5405 Pare St., Montreal 16, P. Q., 
Canada 

BELL, FRANK E., JR., 1743 - &th St., Cuyahoga 
Falls, Ohio (B. F. Goodrich Chemical Co.) 


RELL, HAROLD W., 1412 Roosevelt Dr., Noblesville, 
Ind. (Firestone Ind. Prod. Div.) 
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BEMMELS, New 


Brunswick, 
BENDER, BYRON W., 534 Linwood 
wood, N. J. «(U. S. Rubber Co.) 
BENDER, N. R., 3028 N. Oakhill 
Falls, Ohio (Goodyear Tire & 
BENJAMIN, ARNOLD, 55 Overlook Terr., 

field, N. J. «Hess, Goldsmith & Co.) 
BENNETT, BAILEY, 2261 Homestead D 
11, Ohio (Ohio State Univ.) 
RENNETT, HARRY, 275 
York 24, N. Y¥. (Glyco 
BENNETT, LOWELL H., 
Topeka, Kansas 
BENNETT, R. B., 219 Crescent 
(Firestone Tire & Rubber Co.) 
BENSON, B. F., 95 


CYRUS W., Colonial Gardens, 
N. J. (Industrial Tape Corp.) 


Ave., Ridge- 
Rd., Cuyahoga 
Rubber Co.) 


Bloom- 


Columbus 
Central Park, W., New 
Products Co.) 
Tire & Rubber 


Goodyea 


Akron 1, Ohio 
Buckingham Rd., 
16, Ohio (Industrial Rayon Corp.) 
BENSON, G.. The Library, Shawinigan Chemicals 
Iad., Shawinigan Falls, Quebec, Canada 
BERENBAUM. M.. Thiokol Corp., Trenton, N. J. 
BERENS. ALAN R., 31096 Essex Rd., Cleveland Hts. 
1s, Ohio +B. F. Goodrich Res.) 
*BERGEM. NORMANN, Askim, 
fabrik, Askim, Norway 
BERGER, ARTHUR N., 353% - 64th St., 
Lony Island, N = ( Woodside 
BERGER. HAROLD D., 36-20 - 
N. Y. (Stein-Hall & Co.) 
BERLOW, CHARLES, 97 Fourth St., 
R. 1. ‘Berlow & Schlosser Co.) 
BERM AN, MICHAEL, 3460 Crescent 
N. Y. (Hewitt-Robins, Ine.) 
*BERNSTEIN, DAVID W., 
Chestnut Hill, Mass 
Co.) 
BERTORELLI, OLLIE L., 2102 Hemlock St., Borger, 
exas (J. M. Huber Corp.) 

BESTUL. ALDEN B., 1999 - 19th St.. N.W., Wash- 
D. C. (National Bur. of Standards) 
*BETHELL., HUGH F.. 621 Knollwood Rd., White 

Plains, N. Y. (R. T. Vanderbilt Co.) 
BETTS. J. L.. JR., 1687 Longwood Dr., Baton Rouge, 
a. (Esso Standard Oil) 
BEVILACQUA, E. M., Knolltor 
WN. J. S. Rubber 
BIARD, CLAUDE C., 4137 - Sth St., 
Borger, Texas (Phillips Petroleum Co.) 
BICKEL, F. W., 700 Polk St., 
{Armour Res. Foundation: 
BIDDISON, PAUL H., 352 Wayne Ave., Akron 19, 
Ohio (Firestone Tire & Kubber Co. 

BIDDY, ROK A Cooley Dr., 
(Phillips Chemical Co.) 

BIERER, JOHN M., 98 Collins Rd... Waban, 
(Beston Woven Hose & Rubber Co.) 

BIGELOW, CLINTON R., 3811 Charlemagne Ave., 
Long Beach 8, Calif. (Darnell Corp., Ltd.) 

BIGGS. B. S., 275 Ashland Rd., Summit, N. J. 
Telephone Labs.) 

BILLMEYER, B. R., 543 E. Chestnut St 
Pa. (Armstrong Cork Co.) 

BIMMERMAN, H. G.. 700 Hopeton Rd., Westover 
Hills, Wilmineton, Del. «EL I. duPont de Nemours 
Co., Ine.) 

BINDER, JOHN L., 80 N. Pershing Dr., 
Ohio (Firestone Tire & Rubber Co 

BINGHAM, CHRIS F., 298 Old Varm 
burgh 34. Pa (Columbia-Scoatheon 
Corp.) 

BINGHAM 
n.3.(U. 8 


Rocky River 


Gummivare- 
Woodside, 
Distributing Co.) 
168th St., Flushing, 
Providence, 


Ave., Buffalo 14, 


94 Hammondswood Rd., 
‘(American-Biltrite Rubber 


Road, Allendale, 
Philview, 
Gary, Indiana 


120s Borger, Texas 


Mass. 


(Bell 


Lancaster, 


Akron 18, 


Road, Pitts- 
Chemical 


WILLIAM R., 671 Lincoln Av 
Rubber Co.) 


. Orange, 


BIRGER, JORDAN, 86 Oldham Rd., W. 
Mass. (Orkney Assoc.) 

BIRKITT, WILBUR H., 11 Burnham PI., Fairlawn, 
N. J. (Passaic Rubber Co.) 

BIRTEN, VERA, 12 East &7th St., New York, N. Y. 
(Interchemical Corp.) 

BISHOP, H. R., 1205 Hemlock St., 
(United Carbon Co.) 

*BISHOP, THOMAS A., 1842 E. 
Ind. «U. S. Rubber Co.) 

BITTER, RAYMOND E., 1621 Oakdale St., Pasadena, 

Calif. «B. F. Goodrich Chemical Co.) 

BLACHFORD, H. L.. 977 Aqueduct St., 
P. Q., Canada (H. L. Blachford, Ltd.) 

BLACK, SHEPPARD A., 57 Oakridge Ave., Nutley 
10, N. J. «U. S. Rubber Co.) 

BLACKWOOD, A. L., Box 197, 
(Firestone Tyre & Rubber Co.) 

BLAIKIE, K. G., The Library, Shawinigan Chem- 
icals Ltd., Shawinigan Falls, Quebec, Canada 

BLAIR, RICHARD R., 130 Hemlock St., Park 
Forest, Ill. (Columbia Southern Chemical Corp.) 

BLAKE, JOHN T., Simplex Wire & Cable Co., 79 
Sidney St., Cambridge, Mass. 

BLANCHARD, C. L., Prolon Laboratory, 
lac-tic Brush Co., Florence, Mass. 

BLECHARCZYK, WALTER J., 101 King 
Warwick, R. I. (Davol Rubber Co.) 

BLISS, LYLE A., 407 Box 2203 Philrich 
Branch, Borger, Texas (Phillips Chemical Co.) 

BLUM, GEORGE W., 4485 Emerson Rd., S. Euclid, 
Ohio (Case Ins. of Technology) 

BOBE, E., 55 Woodland Ave., Trenton 8, N. J. 

*BOCON, STANLEY, 32 Rd., Watertown 
72, Mass. ‘(Haartz-Mason, 

BOGGS, FITZHUGH W., 75 Edgemont 
Montclair, N. J. (U. S. Rubber Co.) 

BOLLER, LEONARD, 8427 E. LeRoy St., 
Gabriel, Calif. (Coast Paint & Chemical Co.) 

BOLT, THOMAS D., 745 Locust St., Denver 7, Colo. 
(Gates Rubber Co.) 

BOMMER, F. W., Acushnet 
New Bedford, Mass. 

BONFANTI, OTTAVIO, Via 
Italy 

BONNELL, PETER J., U. S. Rubber Export, New 
York, N. Y. 

*BONSTEDT, F. A., 61 Mayfield 
(Sid Richardson Carbon Co.) 

BONSTEIN, ROBERT J., 40 Casterton Ave., Akron 3, 
Ohio (Firestone Tire & Rubber Co.) 

BOOTH, EDWIN W., 995 Johnston St., Akron 6, Ohio 
(Goodyear Tire & Rubber Co.) 

BORDERS, A. M., 2307 Buffalo St., White Bear Lake 
10, Minn. (Minnesota Mining & Mfg. Co.) 

BORROFF, J. D., 1149 Roslyn Ave., Akron 20, Ohio 
(Seiberling Rubber Co.) 

BORTON, ROBERT 0O., 314 
Ind. «U. S. Rubber Co.) 

*BOSOMWORTH, G. P., &1 Sand Run Road, Akron 13, 
Ohio (Firestone Tire & Rubber Co.) 

BOSSEN, ROGER G., 167 Edgewood Dr., Stow, Ohio 
(B. F. Goodrich Co.) 

*BOSWELL, WALTER E., 2011 Camden Ave., Los 

Angeles 25, Calif. (Thiokol Corp.) 

BOURQUE, A. W., 1470 Beacon, Brookline 46, Mass. 
‘(Dewey & Almy Chemical) 

"BOWEN, ROBERT A., 5918 Oldtown 
24, Mich. (Vickers, Inc.) 

BOWERS, GEORGE H., 113A Martin Lane, Monroe 
Park, Wilmington, Del. (E. I. duPont de Nemours) 


Newton 65, 


Borger, Texas 


Bowman, S. Bend, 


Montreal, 


Bombay, India 


Pro-phy- 
Street, 


Butadieno, 


Rosedale 
Inc.) 
Rd., Upper 


San 
Process Sales Co., 
Milano, 


Gradisco 1s, 


Ave., Akvon, Ohio 


Mishawaka, 


Gernhart, 


Ave., Detroit 
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BOWERS, PAUL D., 522 N. 


] Munroe Rd., R. D. 4, 
Kent, Ohio (Firestone Tire & Rubber Co.) 


BOWLER, WILLIAM W., 1413 Myrtle Ave., Cuya- 
hoga Falls, Ohio (Firestone Tire & Rubber Co.) 

BOYD, JAMES H., 250 Park Ave., New York 17, 
N. Y. (Cons. Chem. Eng.) 

BOYD, STUART M., 26 N. Hoadley St., Naugatuck, 
Conn. (Naugatuck Footwear Co.) 

BOYER, RAYMOND F., 516 W. Main St., Midland, 
Mich. (Dow Chemical Co.) 

BOYLE, JAMES S., P. O. Box 305, Woodbridge, 
N. J. (N. J. Wood Finishing Co.) 

BOYLE, THOMAS E., Reid N. Z., Rubber Mills, Ltd. 
Private Baz, Auckland, New Zealand 

BOYS, CLYDE H., 929 Burmont Rd., 
Pa. (Hercules Powder Co.) 

BOZZACCO, FRANCIS A., 504 Lincoln Way E., 
Massillon, Ohio 

BRADLEY, C. E., 980 


Drexel Hill, 


Alta Vista Dr., Altadena, 


Calif. (Calif. Inst. Tech.) 
BRADLEY, C. E., JR., 33 Winfield St., E. Norwalk, 
Conn. 


*BRADLEY, F., Elec. Appliance Engr. Dept., 
Westinghouse, Elec. Corp., E. Springfield, Mass. 

BRADLEY, H. P., R. D. No. 1, Box 51, Cuyahoga 
Falls, Ohio 

BRADLEY, HARRIS W., 1118 Talley Rd., Wilming- 
ton, Del. (E. I. duPont de Nemours & Co., Inc.) 

BRADLEY, MAVER G., Cranberry Lake, N. J. 
(Ames Rubber Corp.) 

BRAENDLE, H. A., 124° New Hyde Park Rd., 
Garden City, New York (Columbian Carbon Co.) 

BRAFFORD, DONALD A., 2646 E. 62nd St., Indian- 
apolis 20, Ind. (U. S. Rubber Co.) 

BRAFORD, MARK R., 4201 Otterbein Ave., Indian- 
apolis, Ind. (U. S. Rubber Co.) 
BRAIS, ROGER, Ecole Polytechnique, 

Denis, Montreal, Canada 
*BRAKER, HARRY J., Robert Badenhop Corp., 233 
Broadway, New York, N. Y. 
BRAMANN, GEORGE M., Box 651 Falls Sta., 
Niagara Falls, N. Y. (Mathieson Chemical Corp.) 
BRAMS, STEWART L., Summit and Oak Sts., W., 
Alexandria, Ohio (Dayton Chemical Prod. Labs.) 
BRANDAU, KARL W., 2321 Chestnut Blvd., Cuya- 
hoga Falls, Ohio (Firestone Tire & Rubber Co.) 
BRANDS, GEORGE B., 282 Morning View, Akron, 
Ohio «(R. R. Olin Labs.) 

BRANDT, ALLYN I., 2679 Haddam Rd., Shaker 
Heights, Ohio (B. F. Goodrich Chemical Co.) 
*BRANNAN, GEORGE H., Binney & Smith Co., 

676 Drexel Bldy., Phila. 6, Penna. 
BRASWELL, JAMES A., 3216 - 49th St., Des Moines 
10, lowa (Firestone Tire & Rubber Co.) 
BRAUNER, OSCAR C., 415 Warren St., Roxbury 19, 
Boston, Mass. 

BRECKEL, ALBERT H., 4304 Allerton Blvd., Fort 
Wayne 5, Ind. (U. S. Rubber Co.) 
BRECKLEY, JOSEPH, 41 Howell Road, 

Lakes, N. J. (Titanium Pigment Corp.) 
BREES, CHESTER 5S., 2991 Millboro Rd., Silver 
Lake, Cuyahoga Falls, Ohio (B. F. Goodrich Co.) 
BRENNAN, JAMES J., JR., 48% S. Hawkins, Apt. 3, 
Akron 20, Ohio (Phillips Chemical Co.) 
BRESLAU, ALAN JEFFRY, 21 East Tenth St., New 
York 3, N. Y. (Thiokol Corp.) 
BREUER, FREDERICK W., R. D. 3, Lancaster, Pa. 
(Armstrong Cork Co.) 
BREWER, WAYNF B., 1331 


1430 Rue St. 


Mountain 


Hurd Ave., Findlay, 


Ohio ‘(Cooper Tire & Rubber Co.) 

BREYER, FRANK G., Chestnut Hill, Wilton, Conn. 
‘Singmaster & Breyer) 

BRIANT, ARTHUR, G. L. Griffiths & Sons, 
Stratford, Ont., Canada 


Ltd., 


BRICKMAN, CARL L., 300 Communipaw 
Jersey City 4, N. J. (Arvey Corp.) 


ROBERT, 158A Hull St., Brooklyn 33, 


Ave., 


BRIGHT, WILLARD M., 30 Lake Ave., Auburndale 
66, Mass. (The Kendall Co.) 

*BRILL, A., Republic Rubber Co., Youngstown, Ohio 
BRISCOE, WILLIAM F. R., 315 Piene St., Grosse 
Pointe Farms 30, Mich. (U. S. Rubber Co.) 

BRITTON, G. B., 2903 Hill St., Hannibal, Mo. 
(Consultant) 
BRITTON, J. BOYD, 38 Redington Road, Needham, 


Mass. (Godfrey L. Cabot, Inc.) 

BROADBOOKS, MARTIN R., 2222 Gladstone Ave., 
Louisville 5, Ky. (E. 1. duPont de Nemours Co., 
Inc.) 


*BROBEIL, CARL K., Oxford Road, Oxford, Conn. 
(Farrel-Birmingham Co.) 
BROCK, LESTER W., 75 Casterton Ave., Akron 38, 


Ohio (The Caldwell Co.) 
BROCK, M. J., 126 Williamson Rd., Stow, Ohio 
BROOKS, ARTHUR E., 426 Prospect St., Nutley, 


N. J. «U. S. Rubber Co.) 
BROOKS, MARVIN C., 180 Chestnut Dr., Packanmack 
Lake, N. J. (U. S. Rubber Co.) 
BROOKS, RICHARD E, duPont Experimental §ta., 
Wilmington, Del. (Polychemicals Dept.) 
BROTHERS, JOHN E., R. F. D. 3. Gardenside Dr., 
Willoughby, Ohio (The Ohio Rubber Co.) 
BROUSSEAU, HENRY G., 266 Highland Ave., West 
Newton, Mass. (General Latex & Chem. Co.) 
BROWN, CHESTER A., 66 Radcliffe Rd., Belmont 
7s, Mass. (General Latex & Chem. Co.) 
BROWN, C. F., P. O. Box 215, Bethany, W. Va. 
(Bethany College Prof.) 
BROWN, D. F., 614 Boulevard, Westfield, 
(Standard Oi] Development Co.) 
BROWN. FRANK R., 1068 Nome Ave., Akron, Qhio 
(Goodyear Tire & Rubber Co.) 
BROWN, G. C., 4141 York Ave., 
Minn. (Durkee-Atwood Co.) 
BROWN, HAROLD P., 503 Sunset View Dr., Akron 
20, Ohio (B. F. Goodrich Res.) 
BROWN, ROBERT W., Glenbrook Gardens, Natga- 
tuck, Conn. (Naugatuck Chemical Co.) 
BROWN, WILLIAM F., 2418 Mortenson 
Berkley, Mich, (U. S. Rubber Co.) 
*BRUBAKER, HARRY M., 161 Waldorf Dr., Akron, 
Ohio (Witco Chemical Co.) 


N, J. 


N., Minneapolis, 


Blvd,, 


BRUCE, ALBERT P., 109 E. Washington Ave., 
Montebello, Calif. 
BRUCE, WILLIAM L., Goodyear Gummi Fabriks 


AB, Norrkoping, Sweden 

*BRUGGEMEIER, GEO. L., 1135 Jefferson Ave., 
Akron 2, Ohio (Firestone Tire & Rubber Co,) 

BRYANT, ALAN W., 21 Coulton Pk., Needham 92, 
Mass. (Binney & Smith Co.) 

BUCHANAN, ROBERT L., 153 Oakwood Ave., Bar- 
berton, Ohio 

BUCHER, ROBERT L., 22643 Law Ave., Dearborn, 
Mich. (Minnesota Min. & Mfg. Co.) 

*BUCKLER, E. J., Polymer Corp., Ltd., Sarnia, Ont., 
Canada 

BUCKLEY, DONALD J., 828 Hobart 
field, N. J. (Standard Oil Dev. Co.) 

BUCKWALTER, H. M., 1466 Seminole, Detroit 14, 
Mich. 

BUEHLER, JACK S., 616 Avenue A, Redondo 
Beach, Calif. 

BUFFINGTON, M. R., 40 Greenwood Dr., Millburn, 
N. J. (Lea Fabrics, Inc.) 

BUGBEE, H. C., 8209 Meadowbrook Lane, 
Chase, Md. (Natural Rubber Bur.) 


Ave., Plain- 


Chevy 
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BULIFANT, THEO. A., 60 Prospect Ave., Hacken- 
ach, N. J. (The Barrett Division) 

BULL, ARTHUR W., 475 Fisher Rd., Grosse Pointe, 
Mich. (U. S. Rubber Co.) 

BULL, WILSON R., 50 
(U. S. Rubber Co.) 

BURCH, K. S.. Rex Campbell & Co., 
Lane, London E. C. 3, England 

*BURCZYK, C. A., Stros Lab. - Dow Chemical Co., 
Midland, Mich. 

BURGER, FRANCIS W., 28 Broad St., 
Rhode Island ‘(Kleistone Rubber C« 
BURGER, VICTOR L., O-68 W. Amsterdam 

Fairlawn, N. J. «U. S. Rubber Co.) 
*BURGESS, H. R., 11 Lockwood Dr., Old Greenwich, 
Conn. (H. H. Robertson Co.) 
BURKE, OLIVER W., JR., 11281 E. Nine Mile Rd., 
Van Dyke, Mich. (Burke Res. Co.) 
WURKHART, CLARENCE W., 195 Ido Ave., 
1, Ohio (B. F. Goodrich Co.) 
BURLEIGH, JOHN E., 10 Jopling, 
(Phillips Petroleum Co.) 
BUBENBURG, EARL B., 633 Moreley 
20, Ohio +B. F. Goodrich Co.) 
*BUSH, J. E., British Rubber Dev Board, c /« 
Rubber Res. Ins., P. O. Box 666, Kuala Lumpur, 
Malaya 

BUBH. PAUL L., 423 Miami Clob Dr., 
Ind. «U. S. Rubber Co.) 

BUSH, THOMAS F., 136 Hawthorne Ave., 
Conn. 

BUSSE, WARREN F., 803 Greenwood Rd., Wilming- 
ton 6, Del. (CE. I. duPont de Nemours Co., Inc.) 

*BUTLER, BEN L., 2742 First Ave., 
W. Va. ‘Henrite Prod. Corp.) 

®BUTMAN. SAMUEL F., 59 Stanley Rd., 
Bcott, Mass. 

BUTTON, DALE W., 46 Prospect St.. W. 
ton, R. LL. (Firestone Ind. Prod. Div.) 
BUTTS. CHARLES H., 511?. E. Washington St., 

Muncie, Indiana 
BUZZO. ARTHUR M., 6115 N 
Chicavo 30, IN. 

BYALI.. RUSSELL D., 11136 S. Valley View Ave., 
Whittier, Calif. «Goodyear Tire & Rubber Co.) 
BYAM. S. G.. Wilmington. Del. +E. I. duPont de 

Nemours Inc. 
BYCK, LAWRENCE C., 115 Pemberton Ave., 
field, N. J. (Bakelite Company) 


Judson Pl., Ansonia, Conn. 


Ltd., 7 Idol 


Warren, 


Ave., 


Akron 
Phillips, Texas 


Ave., Akron 


Mishawaka, 


Derby, 


Huntington, 
Swamp- 


Barring- 


Cicero Ave., Apt. 2, 


Piain- 


CABLE, DONALD E., 54 W. Pierrepont Ave., Ruth- 
erford, N. J. (U.S. Rubber Co.) 


New York 21, 


CADWELL, S. M., 18 East 68th St., 
N. S. Rubber Co.) 


CALCOTT, WILLIAM 
N. J. 


Woodstown, 
Inc.) 


164 East Ave., 
duPont de Nemours Co., 


Blvd., 


(BE. 
CALLAHAN, T. F., 33-38 
Long Island, N Y 
CAMPBELL, ARTHUR W.,. 1504 S. Center St., Terre 

Haute, Ind. «Commercial Solvents Corp.) 
“AMPBELL, GEORGE A., Box 72, Newfoundland, 
N. J. (American Hard Rubber Co.) 
“AMPBELL, HERBERT N 1 Addison PI, 
lawn, N. J. (U. S. Rubber Co.) 
“ANCELLIERE, JOSEPH A., 26 Allen St., 
field, Mass. (Premoid Products, Ine.) 
‘APEN, BERNARD H., 15 Virginia Road, Andover, 
Mass. (Tyer Rubber Co.) 
“APOSELLA, JAMES V., P. O 
Ind. (U. S. Rubber Co.) 
“APRINO, J. C., 276 South St., 


Parsons Flushing, 


Fair- 
Spring- 
Box 574, Ft. Wayne, 


Pittsfield, Mass. 


‘APUANO, MARK, 4 Chrome St., Worcester 4, 
Mass. ‘Eifskin Corp.) 

“ARL, JOHN C., 276 S. Hawkins Ave., Akron, Ohio 
(E. I. duPont de Nemours Co., Inc.) 

‘“ARLSON, BERNARD C., Box 32, Elm St., Gardner, 
Ill. «U. S. Rubber Co.) 

“ARLSON, C. E., 2868 Parkwood Dr., Silver Lake, 
Cuyahoga Falls, Ohio (General Tire & Rubber 
Co.) 

‘ARLSON, EARL J., 58 W. Mildred Ave., 
Ohio (B. F. Goodrich Co.) 

“ARLSON, LOYD E., St. Joseph Lead Co., Monaca, 

“ARLSON, RUSSELL, 
Tire & Rubber Co.) 

‘ARLTON, CLINTON A., P. O. Box 831, 
Texas (J. M. Huber Corp.) 

CARMER, RICHARD V., 614 
Wayne 7. Ind. (U. S. Rubber Co.) 

CARPENTER, ARTHUR W., 56 Hamilton 
Akron 4, Ohio (B. F. Goodrich Co.) 

CARR, CLIDE L, JR., 20-23 Carlton Pl., Fairlawn, 
N. J. (U. S. Rubber Co.) 

CARR, EDWARD, 1119 Orlando Ave., 
Ohio (Firestone Tire & Rubber Co.) 

CARR, W. ARTHUR, 12112 Allard St., 
Calif. 

CARR, WILLIAM C., 1315 Summit St., 
Ohio (Cooper Tire & Rubber Co.) 
CARRINGTON. JOHN H., 16 Carr’ Road, 

Cheshire, England (Anchor Chemical Co.) 

CARROLL, JAMES HENRY, Box 863, Phillips, 
Texas (Phillips Petroleum Co.) 

CARROLL, R. B., 231 Broad St., 
Trenton, N. J. 

CARTER, ALBERT S., Llangollen Estate, New 
Castle, Del. (E. I. duPont de Nemours Co., Inc.) 

*“CARTER, D. R., c o Eagle-Picher Sales Co., Box 
598, Cincinnati, Ohio 

CARTER, WARREN C., 8 Myrtle Ave., Butler, N. J. 
(Pequanoe Rubber Co.) 

CASEY, ROBERT E., Center Rd., Woodbridge, New 
Haven 15, Conn. (Naugatuck Chemical Co.) 
CASHION, CLIFTON G., 1011 Neptune Ave., Akron 

1, Ohio (Xylos Div., Firestone Co.) 

*CATALFANO, FRANK, Endicott Johnson Corp., 
Paracord No. 1, Johnson City. N. Y. 

CATE, DONALD W., 1751 Evergreen Ave., 
Ohio (Firestone Tire & Rubber Co.) 
CATHEY, T. FRANK, Box 277, Butler, N. J. 
*CATTANIA, ANDREA, Via Milano, 

Italy 

CATTON, NEIL L., 1506 River Road, Wilmington, 
Del. (E. I. duPont de Nemours Co., Ine.) 

*CAULKINS, BRUCE D., 744 Broad St., Newark 2, 


Akron, 


Randolph, Ohio (Goodyear 


Borger, 


Ave., Ft. 


Florence 


Ave., 


Akron 20, 
Norwalk, 
Findlay, 


Hale, 


Bank Bldg., 


Akron, 


Cimarosa 26, 


CAVICCHIOLI, ALFRED G., 1754 Parker St., 
Springfield, Mass. (Technical Supervisor) 
CHABAN, CHARLES J., 3715 Rushland Ave., 
Toledo 13, Ohio (Landers Corp.) 
CHAILLE, RICHARD, 1535 W. 60th PIL, Los 
Anveles, Calif. (Products Research Co.) 
CHAMBERS, VICTOR S., 33 Dayton Rd., 
tuck, Conn. (U. S. Rubber Co.) 
*CHANG, P. T.. Apt. 6D, 75 Prospect Park W., 
Brooklyn 15, N. Y. (Hemisphere Dev. Corp.) 
CHAPMAN, HOWARD H., 17626 Cooley Ave., 
Detroit 19, Mich. «(U. S. Rubber Co.) 
CHARRON, ROY C., United States Envelope Co., 
84 Prescott St... Worcester 5, 
CHASE, FRED L., 9 Cheviot Réd., 
Mass. (Dewey & Almy Chem.) 
CHATTEN, C. K., 


Nauga- 


Mass. 


Arlington 74, 


80-09 - 35th Ave.. Jackson Heights 
Y. «New York Naval Shipyard) 
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CHAUVIN, HENRI, ¢ 0 Dominion Rubber Co., 550 
Papineau Ave., Montreal Que., Canada 

CHESNEY, P. C., 4271 Twinbrooks Rd., Brook- 
haven, Ga. (Southern Latex Corp.) 

CHEVALLEY, LOUIS D. P., 135 Sheldon Dr., 


Akron, Ohio (B. F. Goodrich Co.) 


CHEYNEY, LaVERNE E., 254 Kerby Rd., Grosse 
Pointe Farms, Mich. (Minnesota Mining & 
Co.) 


Townsend Ave., 
Products) 


*“CHILTON, ROBERT C., 1429 
Detroit 14, Mich. (Permalastic 

CHINERY, W. S., 59 Lake Shore Dr., St. Joseph, 
Mich. (Industrial Rubber Goods Co.) 

CHIOLA, VINCENT, 217 York Ave., Towanda, Pa. 

CHISHOLM, R. D., 204 Sagamore Rd., Maplewood, 
N. J. (Dunlop Rubber Co., Australia, Ltd.) 

CHITTENDEN, F. D., 987 Cadle Ave., Mentor, Ohio 
(Naugatuck Chemical Co.) 


CHIULLI, ANTHONY, 50 Leavitt St., Brockton, 


Mass. (Randolph Mfg. Co.) 

CHOATE, STANLEY F., 333 N. Michigan Ave., 
Chicago 11, Ill. 

CHOLET, PROSPER E., 273 Sandford St., New 


(General Chemical Div.) 
51 Norwood Ave., Barberton, 


Brunswick, N. J. 
CHOVAN, DANIEL J., 
Ohio (Roth Rubber Co.) 
CHRISTENSEN, C. W., 524 Woodside 
Ohio (Monsanto Chemical Co.) 
*CHRISTIE, JOHN A., 128 Conger Ave., 
Ohio (Mohawk Rubber Co.) 
CLAASSEN, E. J., Sid Richardson Carbon Co., Box 
2468, Odessa, Texas 


Dr., Akron, 


Akron 3, 


CLAPP, HENRY H., R. D. 2, Collegeville, Penna. 
(The Gillon Co.) 
CLARK, C. C., Mathieson Chemical Corp., P. O. 


Box 480, Niagara Falls, N. Y. 
CLARK, FREDERICK E., 321 Sequoia St., Salinas, 
Calif. (Natural Rubber Res.) 

CLARK, JOHN B., The Bay Division, Parke Davis 
& Co., 304 Bishop Ave., Bridgeport 1, Conn. 
CLARK, M. J., 623 W. Spring St., St. Marys, Ohio, 

(Goodyear Tire & Rubber Co.) 
CLARK, RICHARD A., 253 E. 
Worthington, Ohio ‘Battelle 
CLARK, W. B., 10 Dickinson Lane, Wilmington 6, 

Del. (E. I. duPont de Nemours Co., Inc.) 
CLARKE. LAURENCE R., 34 Prospect Park, New- 
tonville 60, Mass. (Haartz-Mason, Inc.) 
CLAUSSEN, RICHARD A., 1248 Grove Drive, 
cord, Calif. (Pioneer Rubber Mills) 
CLAYTON, ROBERT E., JR., 172 W., Colfax Ave., 
Roselle Park, N. J. (Standard Oil Dev. Co.) 


Kanawha Ave., 
Memorial Inst.) 


Con- 


CLAYTON, WILLIAM J., 411 Piquette, Detroit, 
Michigan 

“CLAYTON, WILLIAM T., Repslagaregatan 17A, 
Norrkoping, Sweden (Goodyear Gummi Fabriks 
AB) 


DONALD A., Robindale Ave., 


Ohio 


2698 


CLENDENEN, 
Akron 12, 


CLIFFORD, ALBERT M., 226 Adeline Dr., Stow, 
Ohio (Goodyear Tire & Rubber Co.) 
CLIMSTEIN, JOE M., 255 Pasadena, Apt. 306, 


Highland Pk., Michigan 

CLINE, DELBERT C., 2933 Ivanhoe Rd., Silver Lake, 
Cuyahoga Falls, Ohio (Firestone Tire & Rubber 
Co.) 

COATS, HARRY P., 414 N. Firestone Blvd., Akron 
1, Ohio (Firestone Steel Products Co.) 

COBBE, ALFRED G., 325 McCartney St., 
Penna. (Binney & Smith Co.) 

COCHRAN, DOUG. C., 31 Green Hill Road, Mad- 
ison, N. J. (Southern Latex Corp.) 

COE, JOHN P., Amity Road, 


Easton, 


Woodbridge, Conn. 


(Nauvatuck Chemical Co.) 


COE, WESLEY S., 20 Dayton Rd., Naugatuck, Conn. 
(Naugatuck Chemical Co.) 


COFFIN, P. A., 4 Hammond Street, Gloucester, Mass. 
(General Latex & Chemical) 

COFFMAN, JOHN A., Cole Rd., R. D. 5, North 
East, Penna. (General Electric Co.) 

COHAN, LEONARD H., 23841 Eutaw Place, Balti- 


more, Md. (Hanline Brothers) 
COHN, MORRIS I., 240 Commonwdalth Ave., Boston 


16, Mass. (American Conditioning House, Inc.) 
COLDWELL, RAYMOND D., 1452 Concord St., 
Framingham, Mass. (Middlesex Res. Mfg. Co.) 
COLE, EARLE R., 2753 Elmwood Street, Cuyahoga 
Falls, Ohio (BR. F. Goodrich Co.) 
COLE, O. D., 970 Dover Ave.. Akron 20, Ohio 
(Firestone Tire & Rubber Co.) 
COLEMAN, E. W., JR., 611 Mohawk Dr., Erie, 


Perna. 
*COLEMAN, ROBERT R., 7848 Vicksburg Ave., Los 
Angeles 45, Calif. (Sierra Rubber Prod.) 
COLEMAN, WINSOR O., 12 Waterway, Barrington 
R. I. (Davol Rubber Co.) 


COLLIER, SIMON, 222 Centre Ave., New Rochelle, 
N. Y. (Johns-Manville Co.) 
COLLYER, HARRY J., Braemar, Weston Grove, 


Upton-by-Chester, Cheshire, England (Cabot Car- 
bon, Ltd.) 
*CONANT, FLOYD S., 417 Rexford St., 
Ohio (Firestone Tire & Rubber Co.) 
CONKLIN, ROGER N., E. I. duPont de Nemours & 
Co., Inc., P. O. Box 525, Wilmington 99, Del, 


Akron 14, 


CONNELL, BALFOUR Y., 1543 - 20th St., Cuya- 
hoga Falls, Ohio (B. F. Goodrich Co.) 

CONNELL, P. G., JR., 1117 Gresham Road, Plain- 
field, N. J. (American Cyanamid Co.) 

CONNER, HERBERT W., 2032 W. 110th Place, 


Chicago 43, Ill. (William Wrigley Jr. Co.) 

CONNOR, RICHARD E., 44 Trueman Ave., Hadden- 
field, N. J. 

CONROY, H. J., S89 Thorndale Dr., Akron 20, Ohio 
(General Tire & Rubber Co.) 

CONQUEST, VICTOR, Armour & 
Yards, Chicago 9, Il. 

COOK, GORDON S., 118 “C" Street, Carney’s Point, 
N 


J. 


Company, 8. 


COOK, JOHN S., 758 Pear Street, Trenton, N. Jd. 
(Whitehead Bros. Rubber Co.) 
COOK, WENDELL S., S. Canal St., 

Fulton, Ohio (Firestone Research) 


Box 446, Canal 


COOKINGHAM, HOWARD C., Frankland Road, 
Hopkinton, Mass. (D. H. Litter Co., Ine.) 


COOPER, JACK L., 2025 Bailey Rd., Cuyahoga Falls, 
Ohio (General Tire & Rubber Co.) 

COOPER, LESLIE V., 876 Oakland Ave., Akron 10, 
Ohio (Firestone Tire & Rubber Co.) 

COOPER, LESTER S., Columbia, Conn. 

COOPER, WILLIAM T., 1301 Hazelwood, 
Texas (Phillips Petroleum Co.) 


Borger, 


COPE, W. H., William Street, Norwalk, Conn. 
(R. T. Vanderbilt Co.) 

*COPELAND, JOHN F., 7 Priscilla Rd., Wellesley 
Hills, Mass. (Hercules Powder Co.) 

CORNETTE, RUTH B., 2738 Ordway St., N. W., 


Washington &, D. C. (Industrial & Eng. Chem. 
ACS) 

CORRIGALL, J. S., Box 171 Snowden Lane, Prince- 
ton, N. J. «(R. T. Vanderbilt Co.) 


CORWIN, JOHN F., Mounted Route 10, Butler, Pa. 


(Koppers Co.) 
COSGROVE, REX P., 1265 Roosevelt Dr., Nobles- 


ville, Ind. (Firestone Ind. Products Div.) 
COSTANZA, ALBERT J., 1655 Hillside Terr., Akron, 
Ohio (Goodyear Tire & Rubber Co.) 
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*COSTELLO, J. J., 309 Overwood Rd., Akron 13, 


Ohio (Tanney-Costello, Ine.) 

COUCH, WILLIAM H., Dimmock St., 
Mass. (Simplex Wire & Cable Co.) 
COUCH, WILLIAM H., 10 Meadow Street, E. Haven 

12, Conn. (Whitney-Blake Co) 
COULTER, MARVIN K., 43 Brevoort Rd., Columbus, 
Ohio (American Zinc Sales Co.) 
COURTNEY, HOWARD G., Box 1243, 
(J. M. Huber Corp.) 

COUSINS EDWARD, 243 Kenilworth Dr., 
Ohio (Goodyear Tire & Rubber Co.) 
*COVELL, EDWIN D., *4 Marble Street, Stoneham, 
Mass. ‘Stedfast Rubber Co.) 
2477 - 16th St., 

Goodrich Co.) 


Quincy, 


Borger, Texas 


Akron 3, 


Falls, 


COWAN. H., 
Ohio F 


COWEN, 


Cuyahova 

ROBERT 20 Colonial Circle, Buffalo, 

(U. S. Rubber Reclaiming Co.) 

COX. JOHN T., JR., 128 West Leland St., Chevy 
Chase 15, Md. (Consulting Chem. Engr.) 

cox T K.. Randallstown, Md (Western 
Co.) 

COX, WILLIAM L., 2513 Greenvale Road, Cleveland 
21, Ohio (Case Inst. of Tech.) 

CRAIG, DAVID, 2854 Lakeland Pkwy., Cuyahova 
Falls, Ohio (B. F. Goodrich Res. Center) 

CRAMER, HOWARD I., 15 Golf View Rd., Ardmore, 
Pa. (Sharples Chemicals, Inc.) 

CRAMER, PHIL C., 21309 Hansen Rd., Maple Hts., 
Ohio (B. F. Goodrich Chemical Co.) 

CRANDALL. C. L., 24120 - 16th 
Falls, Ohio 

CRANDELL, OSCEOLA H., 903 St. Dunstans Road, 
Baltimore 12, Md. (Western Electric Co.) 

CRANE. E. J.. Chemical Abstracts, Columbus, Ohio 

CRAVER, J. KENNETH, 329 Summit, Webster 
Groves, Mo. «(Monsanto Chemical Co.) 

CRAWFORD, A. J., 2730 Broad Blvd., Cuyahova 
Falls. Ohio (Goodyear Tire & Rubber Co.) 

CRAWFORD. RICHARD A., 165 Schocalog Rd., 
Akron 13, Ohio (B. F. Goodrich Res. Center) 

®CREDE. CHARLES E., 14 Brookside Ave., Win- 
@hester, Mass. «The Barry Corp.) 

CREED. KENNETH E., JR., 2127 - 21st St., Nitro, 


Flectric 


Street, Cuyahova 


ELMER G., 14 Grenadier Hts., 
Toronto, Ontario, Canada 
CROCKER, GUY J., 23 Third 
. Brunswick, N. J. (Industrial Tape Corp.) 
*CROMWELL. J. R.. 205 E. Wayne St., 
Ohio (Goodyear Tire & Rubber Co.) 
CROBSLEY, R. H., 3 Mortimer Dr., 
Conn. (St. Joseph Lead Co.) 
CROYSDALE,. WALTER C., 1042 S. Thompson, 
Jackson, Mich. (Goodyear Tire & Rubber Co.) 
“CROZIER, H. W., 31 Ave., Christ- 
church. New Zealand Rubber Foot- 

wear Co.) 

CULLISON, KARL F., 1024 Mercer 
Ohio (B. F. Goodrich 
CULVER, T. C., 104 Eldred Ave., 

(B. F. Goodrich Chemical Co.) 
CUNDIFF, RICHARD R., 320 E. Kent Rd., Stow, 
Ohio (Firestone Tire & Rubber Co.) 
CUNLIFFE, H. K., 267 Ottawa St., S., 
Ont., Canada 
CUNNINGHAM, J. FRED, 102 Vine Street, Charle-- 
ton, W. Va. (Union Carbide) 
CURTIS, E. B., R. T. Vanderbilt Co., 
New York, N. Y. 
*CUSTER, EDGAR A., 
Paul Brown Blde., St 


CROARMAN., 
Ave., Rt. 14, New 
Celina, 


Old Greenwich, 


Cholmondeley 
(Marathon 


Ave., Akron 20, 
Bedford, Ohio 


kitchener, 


230 Park Ave., 


American Zine Sales, 1600 


Louis, Mo. 


CUTHBERTSON, 
Texas 

CUTHBERTSON, G. R., 392% Berkshire, Detroit 24, 
Mich. (U. S. Rubber Co.) 

CUTLER, DAVID R., 76 Howard Gleason Rd., 
Cohasset, Mass. ‘Alfred Hale Rubber Co.) 

CUTTING, IRVING E., 51 Park Ave., Naugatuck, 
Conn. (Naugatuck Chemical Co.) 

CYPHERS, NORMAN JAMES, 49% 
Trenton, N. J. (Acme Hamilton 
Corp.) 

CZUHA, MICHAEL, JR., 79 Manor Rd., Apt. C, 
Akron 13, Ohio (Univ. of Akron Govt. Labs.) 


CHARLES R., Box 831, Borger, 


Maple Ave., 
Rubber Mfg 


Dp 


DABNEY, ROBERT C., 742 Wellesley Ave., Akron 3, 
Ohio (Rubber Consultant) 
DABOVICH, THOMAS C., 4857 N. Christiana Ave., 
Chicago 25, Mlinois (Sharples Chemicals, Ine.) 
DAHLE, JOSEPH, Box 611, Allentown, 
(Consultant, Synth. Res. & Plasties) 
DAHLSTROM, WALTER G., 9 Jewett Terrace, Wor- 
cester 5, Mass. (American Steel & Wire Co.) 
DAMICONE. CLEMENT A., sO State Rd., N. Dart- 
mouth, Mass. «Acushnet Process Co.) 

DAMON, EDWARD H., 1217 Jennings Ave., Partles- 
ville, Okla. (Phillips Chemical Co.) 

DANE, SAMUEL, 2583 Whitelaw St.. Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 

DANIELS, LEONARD C., Roque Graseras 630, 
Pocitos, Montevideo, Uruguay, S. A. (Fabrica 
Uruguaya de Numaticos) 

DANNENBERG, ELI M., 15 York 
Mass. (Godfrey L. Cabot, Ine.) 

DANOVITCH, MORRIS M., 27 
Newton Center 59, Mass. 

DASHER, P. J., 128 Euclid Ave., 
(Dasher Rubber & Chem. Co.) 

DAUB, THEODORE G., JR., 1113 Roslyn Ave., 
Akron 20, Ohio (B. F. Goodrich Co.) 

DAUM, G. A.. 19301 Lake Shore Blvd., Euclid 19, 
Ohio «(B. F. Goodrich Chemical Co.) 

*DAVIDSON. C. O., 276 Ogden Way, 
N. J. (Binney & Smith Co.) 

DAVIDSON, W. L., 6203 Miller Road, 
Ohio (B. F. Goodrich Co.) 

DAVIES, JOHN M., 50-8 Revere Rd., Drexel Hill, 
>a. 

DAVIS, A. H., 34 W. Girard Blvd., Kenmore 17, 
N. Y. «Dunlop Tire & Rubber Corp.) 

DAVIS, ARNOLD R., 139 Lockwood Rd., Riverside, 
Conn. (American Cyanamid Co.) 

DAVIS, C. C., 7 Ravine Road, Winchester, 
(Boston Woven Hose & Rubber Co.) 

DAVIS, E. N., 346 South Hale St., Palatine, II. 

DAVIS, FRANKLIN O., 633 Concord Circle, Trenton 
8, N. J. (Thiokol Corp.) 

*DAVIS, SAMUEL A., 7342 S. Shore Drive, Chicago, 
Til. «C. P. Hall Co.) 

DAWSON, H. G., 65 E. Brookside Ave., 
Ohio (Firestone Tire & Rubber Co.) 

DAY, HENRY WEBSTER, 18 Downing St., 
ham, Mass. 

DEACONSON, JAMES N., 19 
Wilmington, Del. 

DeANGELIS, FRANK T., 267 Myrtle Ave., 
Island 10, N. Y. (L. A. Dreyfus Co.) 

DeBELL, JOHN M., 100 Crescent Road, Long- 
meadow, Mass. (DeBell & Richardson, Ine.) 

DeFRANCE, MURRELL J., 747 Greenwood Ave., 
Akron, Ohio (Goodyear Tire & Rubber Co.) 


Penna. 


Road, Waban, 


Road, 


Westbourne 


Willoughby, Ohio 


Hillside 5, 


Brecksville, 


Mass. 
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Hing- 
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DeHILSTER. C. C., 1493 - 20th St., 
Mich. (Sharples Chemicals, Inc.) 
DeLANG, T. G., 4200 Melbourne Rd., Indianapolis, 
Ind. (U. S. Rubber Co.) 

DeMEEUS, ETIENNE, 19 Avenue Hoche, Paris 8, 
France (Kleber Colombes, S. A.) 

DEMUNNIK, JOHN J., American Biltrite Rubber 
Co., Perrine Ave., Trenton, N. J. 

DENEY, HERMAN J., 4755 Seneca St., Buffalo 24, 
N. Y. (Pierce & Stevens, Inc.) 

DENGLER, ALFRED T., 75 Newton St., Weston 93, 
Mass. (American Oil Products) 

DENNIS, JOHN, Cheshire St., Burton, Ohio 
(Johnson Rubber Co.) 

DENNIS, M. R., &2 Peter St., Toronto 2B, Ontario, 
Canada 

DENZLER, EDWARD 0O., 32 Union St., Fairhaven, 
Mass. 

DEPEW, HARLAN A., 20 Hill Drive, Kirkwood 22, 
Mo. (American Zinc, Lead & Smelting) 

DERENIUK, PAUL, 53 Great Rd.. Union Village, 
Woonsocket, R. I. (U. S. Rubber Co.) 

DERES, JOHN M., 1094 Hampton Road, Grosse Pt. 
Woods 30, Michigan «U. S. Rubber Co.) 

*“DERMON, IVOS, The English Bookstore, 
20 America St., Athens, Greece 

De SOSTOA, I. A., 18227 Prairie Ave., Detroit $i. 
Mich. (U. S. Rubber Co.) 

DETE, LEO J., JR., 222 W. Pomfret St., Carlisle, 
Pa. (Carlisle Tire & Rubber Corp.) 

DETTLING, THEODORE J., 495 Orlando Ave., 
Akron 20, Ohio 

DEWEY, BRADLEY, 37 Fayerweather St., Cam- 
bridge 38, Mass. (Dewey & Almy Chemical Co.) 

D'IANNI, JAMES D., 503 Palisades Dr., Akron 3, 
Ohio (Goodyear Tire & Rubber Co.) 

DICKSON, J. B., 135 West 79th St.. New York 24, 
N. Y. (U. S. Rubber Co.) 

DIEM, HUGH E., 485 Main Sc., Wadsworth, Ohio 

DIGIOIA, FRANK A., 24 Brook St., Brookline 46, 
Mass. (General Latex & Chem.) 

DIGIOVINE, FIORE D., 91 Fayette St., Watertown 
72, Mass. (Boston Woven Hose & Rubber Co.) 

*DILL, EDWARD C., Colonial Lane, Route 7, 
Box 260A, Dayton 9, Ohio (Dayton Rubber Co.) 

DILLINGHAM, FRANK W., 107 W. Coolidge St., 
Borger, Texas (J. M. Huber Corp.) 

DILLON, JOHN H., 237 Elm St., Princeton, N. J. 
(Textile Res. Inst.) 

DOUGLAS 1475 Prospect St., Trenton, 


Wyandotte, 


DIMAGGIO, ANTHONY J., Roselawn Apts., Douglass- 
ville, Pa. (Firestone Tire & Rubber Co.) 

DINBERG, RUDOLPH, 34 Camden St., Methuen, 
Mass. (The Bolta Co.) 

DINORSCIA, GAETANO, 409 Jones Hill Rd., West 
Haven, Conn. (Sponge Rubber Prod.) 

DINSMORE, R. P., 795 Merriman Rd., 
Ohio (Goodyear Tire & Rubber Co.) 

DIXON, HENRY L., 2876 Bellaire Rd., Silver Lake, 
Cuyahoga Falls, Ohio (B. F. Goodrich Co.) 

DIXON, JOHN G., JR., 1628 W. Second St., Marion, 
Ind. (Anaconda Wire & Cable Co.) 

DOBBERSTEIN, ARTHUR W., 539 Penn Ave., 
Dover, Del. (International Latex Corp.) 

DOBSON, ROBERT L., 2317 Forest Ave., Des 
Moines, Iowa 

DOEDE, C. M., 26 Underhill Road, Hamden, Conn. 
(Connecticut Hard Rubber Co.) 

DOERING, J. HARVEY, 63 Casterton Ave., Akron 


Akron 3, 


3, Ohio (R. T. Vanderbilt Co.) 


DOES, RICHARD V., 27 Hamilton Ave., Dedham, 
Mass. (Wild & Stevens, Inc.) 


DOLAN, THOMAS F., 10 Clyde St., Newtonville 60, 
Mass. (Boston Woven Hose & Rubber) 

DORCAS, KENNETH E., 3917 Linden St., Ft. Worth 
7, Texas (Consolidated Vultee Aircraft Corp.) 

DORMER, RUSSELL W., 4217 Longshore Ave., 
Philadelphia 35, Pa. (U. S. Rubber Co.) 

DORNAN, JOSEPH L., 84 Casterton Ave., Akron 3, 
Ohio (Goodyear Tire & Rubber Co.) 

*DOSS, M. P., The Texas Co., 135 E. 42nd St., 
New York 17, N. Y. 

DOUGLAS, S. D., 9 Walton Apt., Maple Terr., 
Charleston 1, W. Va. (Carbide & Carbon Chem. 
Co.) 

DOWDEN, P. RALPH, 2319 Union Ave., Wesleyville, 
Pa. (Continental Rubber Wks.) 

DOWNEY, PAUL M., P. O. Box 66, Nitro, W. Va. 
(Monsanto Chemical Co.) 

DOWNING, JOHN P., 41 S. Walnut St., Akron 3, 
Ohio (Firestone Tire & Rubber Co.) 

DRAKE, ARTHUR E., Locust Lane, Kennett Square, 


Penna. (Hercules Powder Co.) 


*DRAKELEY, T. J., The Northern Polytechnie, 
Holloway, London N 7, England 


DRAUS, MITCHELL A., 159 Derby Ave., Derby, 
Conn. (Bridgeport Lycoming) 
DREVINAKY, PETER J., 14 Lane St., Middleboro, 
Mass. 
DREW, PHILIP W., 987 Eaton Ave., Akron 3, Ohio 
(Goodyear Tire & Rubber Co.) 
DROGIN, I., 1524 Quarrier St., Charleston, W. Va. 
(United Carbon Co.) 
DRUESEDOW, DONALD, 2304 - 26th St., Cuyahoga 
Falls, Ohio 
DUANE, JAMES T., 159 Thornton 
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Eggertsville 21, N. Y. (Univ. of Buffalo) 

GOLDIN, JOSEPH, 161 Grand Ave., Akron 2, Ohio 
(University of Akron Govt. Labs.) 

GONGWER, LOUIS F., Box 831, Borger, Texas 
(J. M. Huber Corp.) 

*GOOD, WM. D., 3353 Moraga Blvd., 
Calif. ‘American Rubber Mfg. Co.) 

GOODING, ELIZABETH J., Middlefield, Ohio 
(Geauga Industries Co.) 

GOODLOE, PAUL M., 16 Robin Hill Rd., Scarsdale, 
N «Brown Company) 

GORDON, CARL E., 204 Mystie St., Arlington 74, 
Mass. (Beebe Rubber Co.) 

GORDON, HARRY, 165 Alexander Dr., Bridgeport 6, 
Conn. (Bond Rubber Corp.) 

GORMAN, THOMAS J., 2823 Unruh Ave., 
Philadelphia 24, Pa. 
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(Harwick Standard Chem. Co.) 

GREER, PAUL S., 601 - 19th St., N. W., 
Washington 6, D. C. (Synthetic Rubber 
RFC) 

GREGORY, GEORGE, 5426 San Fernando Road, 
Glendale 8, Calif. (Products Research Co.) 
GREGORY, HENRY V., 34 Hill, St... Morristown, 


Div., 


GREGORY, JOHN B., Concord Road, Wayland, Mass. 
(F. S. Bacon Labs.) 

GREGORY, KENNETH J., 159 W. 
Muskegon, Mich, 

GRESHAM, THOMAS L., B. F. 
Akron, Ohio 

GRIFFIN, GEORGE E., 1320 Broad Blvd., Cuyahoga 
Falls, Ohio (Harwick Standard Chemical Co.) 

*GRIFFIN, R. S., 719 Great Plain Ave., Needham, 
Mass. (E. I. duPont de Nemours & Co., Ine.) 

GRIFFITH, T. R., Division of Chemistry, National 
Research Council, Ottawa, Canada 

GROSJEAN, RAYMOND E., 27 Rose Court, Manor 
Hts., Cohoes, N. Y. (Behr Manning Co.) 

GROSS, HAROLD L., 1555 Beechwood Hts., 
Portsmouth, Ohio (B. E. Matthews Co.) 

GROSS, MALCOLM E., 321 Storer Ave., Akron 2, 
Ohio (B. F. Goodrich Co.) 

*GROSS, W. H., U. S. Rubber Co., 6600 E. Jefferson 
Ave., Detroit 32, Mich. 

GROSS, WILLIAM J., Pine Grove Ave., New Bruns- 
wick, N. J. (Johnson & Johnson) 

GROTE, H. WALTER, 200 East 66th St., 1S06E, 
New York 21, N. Y. (Sheldrake, Inc.) 

GROVE, GEORGE E., 21 Temple Street, 
Park, N. Y. (New Jersey Zine Co.) 

GROVER, HORACE N., 2452 - 24th St., Cuyahova 
Falls, Ohio (Goodyear Synthetic Rubber Corp.) 

GRUBER, ELBERT E., 2230 - 16th St., Cuyahoga 
Falls, Ohio (General Tire & Rubber Co.) 

“GRUNDY, ARTHUR, 225 Park Ave., New York 17, 


Southern Ave., 


Goodrich Co., 


Williston 


GUBICZA, ANDREW J., 3106 Guilford St., Phila. 
15, Pa. (Aleo Oil & Chemical Corp.) 

GUNBERG, PAUL F., 175 Grant St., 
N. J. (U. S. Rubber Co.) 

GURNHAM, C. FRED, Tufts College, Chemical Eng. 
Dept., Medford 55, Mass. 

GUTH, EUGENE, University of Notre Dame, Notre 
Dame, Ind. (Faculty Member) 


Ridgewood, 


H 

HAAS, EUGENE G., 230 Mulberry St., Berea, Ohio 
(Fenn College) 

HAAS, JOSEPH L., Hodyman Rubber Co., Framing- 
ham, Mass. 

HABERSTROH. ROBERT H., 17° Franconia St., 
Worcester 2, Mass. (American Steel & Wire Co.) 

HACKIM, GEORGE, JR., 120 S. College St., Akron, 
Ohio (General Tire & Rubber Co.) 

HAGEMEYER, ROBERT W., 9473 Whitall Lane, 
Grosse Ile, Mich. (Wyandotte Chemicals Corp.) 

HAGER, JOHN J., 361 Hyslip Ave., Westfield, N. J. 
(Pioneer Latex & Chem.) 

HAGER, KARL F., 707 College Hill, Huntsville, Ala. 
(Redstone Arsenal) 

HAHN, EDWIN R., 135 Old Main St., Manville, 
R. I. (U. S. Rubber Co.) 

*HALE, ANDREW, 1931 Stockbridge 
13, Ohio (Hale & Kullgren, Inc.) 

HALL, C. P., 69 E. Fairlawn Blvd., 

(Cc. P. Hall Company) 


Road, Akron 


Akron, Ohio 


HALL, DORRIS M., Firestone Tire & 
Research Library, Akron, Ohio 
HALL, GEORGE E., Oak Road, Concord, 
(Boston Woven Hose & Rubber Co.) 
HALL, GEORGE L., 1674 Rockford St., Akron 19, 
Ohio (Firestone Tire & Rubber Co.) 
*HALL, WILLIAM T., 169 Ave., 
Ohio (C. P. Hall Co.) 

*HALPIN, L. J., 152 Livingston St., 
N. Y. (Dunlop Tire & Rubber Co.) 

HALSTEAD, RICHARD L., 11699 Rosemont Rd., 
Detroit 28, Mich. (R. P. Scherer Corp.) 

*HAMILTON, JOHN M., Binney Lane, Old Green- 
wich, Conn. (Binney & Smith Co.) 

HAMISTER, W. O., Bethwal, Amity Road, Bethany, 
Conn. (Naugatuck Chemical Div.) 

HAMMEL, DAVID R., 474 W. South St., Apt. 61, 
Akron, Ohio 

HAMPTON, ROBERT R., 145 W. Madison 
Dumont, N. J. (U. S. Rubber Co.) 

HAND, J. F., Hines Hill Rd.. R. D. 2, 
(Monsanto Chemical Co.) 

HANLEY, ALBERT J., 4 Hartford Place, Edgewood 
5, R. 1. (Respro, Ine.) 

HANLEY, JOSEPH A., 20 Lake Shore Dr. St. 
Joseph, Mich. (Vail Rubber Wks.) 

HANMER, ROBERT S., 1312 Cooley, Borger, Texas 
(Phillips Petroleum Co.) 

HANNA, EZRA L., P. O. Box 55, North Scituate, 
R. I. (Davol Rubber Co.) 


Rubber Co., 
Mass. 
Storer Akron 2, 


Buffalo 13, 


Ave., 


Hudson, Ohio 


HANSON, EDWARD S., 597 Palisades Dr., Akron, 
Ohio (Firestone Tire & Rubber Co.) 

HANSON, ELMO E., 530 Malvern Rd., Akron 3, 
Ohio (Firestone Tire & Rubber Co.) 

HANSON, GEO. B., 6459 Mead Ave., Dearborn, 


Mich. (Fisher Body, GMC) 

HARBER, JOHN B., 34 Van Dam Ave., Bloomings 
dale, N. J. (Pequanoe Rubber Co.) 

HARBISON, LYNN, 822 Roslyn Ave., Akron, Ohio 
(Phillips Chemical Co.) 

*HARDEMAN, WALTER B., British Rubber Dev. 
Board, 4 Bank Place, Melbourne, Australia 

HARDY, ALAN, & Cainsford Rd., Knighton, 
Leicester, Enyland 

HARGER, HORACE N., 2780 Northland Ave, 
Cuyahoga Falls, Ohio (Firestone Tire & Rubber 
Co.) 

HARLACHER, 
Akron 20, Ohio (B. F. 


WILLIAM H., 437 Hillwood Dr., 
Goodrich Chemical Co.) 


HARMON, RICHARD E., 28 Argyle Ave., Garrett 
Park, Md. (Consulting Engineer) 
HARMONY, DAVID S., 1309 Boyd, Borger, Texas 


(Phillips Chemical Co.) 

HARPER, E. A., 1130 Prospect St., Somerset Centre, 
Mass. (Firestone Ind. Prod.) 

*HARPFER, DONALD E., 200 Kenwick Dr., Akron 
2, Ohio (Goodyear Tire & Rubber Co.) 

HARRINGTON, E. W., R. D. 13, Box 550A, Akron 
19, Ohio (B. F. Goodrich Chemical Co.) 

HARRINGTON, HOMER D., 2728 Oakwood Dr., 
Cuyahoga Fails, Ohio (General Tire & Rubber 
Co.) 

HARRINGTON, ROBERT A., 277 Storer Ave., 
Akron 2, Ohio (B. F. Goodrich Research Center) 

HARRIS, GERALD W., 139 Crest Dr., Tarrytown, 
N. Y. (J. M. Huber Corp.) 

HARRIS, WILBUR E., 2010 N. Gerrard Dr., 
Speedway 24, Ind. (U. S. Rubber Co.) 

HARRISON, JOHN G., 407 Sutherland Rd., Trenton, 
N. J. (National Automotive Fibres, Inc.) 

HARRISON, S. R., R. D. 3, Fremont, Ohio 

(Fremont Rubber Co.) 
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HART, A Mantua, Ohi 


(Samuel 


Woodford 
Moore & Co.: 
HART, M. B., 610 Salem Ave 

(Standard Oil Dev. Co 
HARTMAN. JOHN L., E. I 
Co., Inc., P. O. Box 525 
HARTMAN, ROBERT J., 750 W. Main St., 
burg, Ill. (Kanartex Coatings, Inc.) 
*HARTMAN, R. O., 369 Montclair Ave., 
Ill. «Monsanto Chemical Co.) 
HARTMANN, WILLIAM R., 461 
Pkwy Warwick, R. 1. (Atlantic 
Rubber Co.) 
HARTSFIELD 
Akron, Ohio +E 
Inc 
HARTZ., J.*J.. o Bridgestone Tire Co., 
105 Kyomachi, Kurume Kyushu, Japan 

WHASEGAWA, HIROSHI, ¢ © Shiraishi Kogyo Kk, 

7 Marushima-cho, Amagasaki, Hyogoken, Japan 
HASLAM. GEORGE New 
Palmerton, Pa 
*HASTINGS. ARTHUR 

Park, Calif 
®SHASTINGS, J. D.. ¢ © Socfin Co., Ltd 
P. ©. Box 330, Kuala Lumpur, Malaya 
*HASTINGS, PAUL I.. Hanover St., Fall River, 
Mass. (Firestone Rubbe & Latex) 
HATCH, GEORGE B Fishkill, New 
Tera Co.) 
HAUSCH, WALTER R., 558 Frederick Blvd., Akron 
20, Ohio (Firestone Tire & Rubber Co.) 
HAUSER, ERNST A., 573 Washington St.. Brookline 
46, Mass ( Mass Inst. Techr & Polytechnic 
Inst.) 
*HADSER, W. J. R., 155 East 47th 

aa, N. Y 

HAVENHILL, ROBERT s., 12 
Beaver, Penna. «St. Joseph Lead: 
HAWKINS. ANDREW J., JR., 2741 
Bvanston T. duPont de 
Inc: 
HAWKINS, WARREN T., 626 E. Paige Ave., 
Barberton, Ohio (Seiberling Rubber Co.) 
HAXO, HENRY E.. JR., 28 Eaton Bloomfield, 
m J. (U 


S. Rubber Co.) 


Elizabeth 3, N. J. 


duPont de Nemours & 
Wilmington 99, Del. 
Gales- 


Glen Ellyn, 


Narragansett 
Tubing & 


Winton e., 


ERNEST P., 1008 
I 


Av 
duPont de Nemours & Co. 


Jersey Zinc Co., 


G., 2513 Third St., Ocean 


York (The 


New York 
6% Corporation St 


Simpson, 
Nemours & Co., 


HAY, DONALD ¢ Columbia Rd., Route 1, 
Brecksville, Ohio (B. F. Goodrich Co 

HAYDEN. ©. M., 1018 Overbrook Rd... Wilmington 
6, Del. (E. L. duPont de Nemours & Co., Ine. 

HAYES. ROBERT A., 984 Lawton St., Akron, Ohio 
(Firestone Tire & Rubber Co.) 

HAYNES. CHARLES R 105 East S4th St.. New 
York 2". N. Y. ‘Binney & Smith Co.) 

*HAYWORTH, A., & Rubber Co., 
New Toronto, Ont 

HEALY. LEON J. D., 2821 S 
Milwaukee 7, Wise. (Consulting Chemist & Engr 

HECHTMAN, JOHN F., 105 Jewel St Munising, 
Michivan «(Munising Paper Co.) 

*HECKERD, WILLIAM F., ¢ o H 
Akron, Ohio 

HEGGIE, ROBERT, American Chicle Co., 
20 30 Thomson Ave., Island City, N. Y. 

HEIBERGER, CHARLES A., 44 - St., Nitro, 
Va. (Ohio Apex, Inc 

HEILIGENTHAL, HARRY E., 552 N. Main St., 
Apt. 27. Butler, Penna. (Castle Rubber Co.) 

HEIM, OSKAR, 5943 - 48th Ave., Woodside, N. Y. 

HEINEMAN, CARL, 209 New Jersey Ave., 
Absecon, N. J 

HEINEMAN, H. H., 54 E. Rosewood Ave., 
14, Ohio Research 


Goodyear Tire 
Canada 


Superio St 


Muehlstein & Co., 


Akron 


(Goodvea 


5907 Biddulph Rd., 
Goodrich Chemical Co.) 


HEINLEN, WILLIAM, JR., 
Cleveland 9, Ohio (B. F. 


HEINRICH, RICHARD H., 1559 Oxford Rd., Berkley, 
Mich. (Detroit Arsenal) 

HELIN, ARTHUR F., 773 Saxon 
Mhio (Govt. Laboratories) 

HELWIC, JOHN, 76 Thorndale Ave., West Seneca 
24, N. Y. «Bunlop Tire & Rubber Co.) 

HEMINGWAY, ¢ A., 3402 Clarendon Rd., Cleve- 
land Hts. 18, Ohio (Witco Chemical Co.) 


"HENDERSON, BANCROFT W., 10 Crestmont Rd., 
Montclair, N. J. (American Cyanamid Co.) 

HENDERSON, D. ELLSWORTH, R. D. 3, 
Pa. (Associated Rubber, Inc.) 

*“HENDERSON, E. H., 178 Norma St., 
Mich. (Yale Rubber Mfy. Co.) 

*HENDERSON, JOHN B., A. & J. M. Anderson Co., 
289 A Street, Boston 10, Mass. 

HENDERSON, L. M., 608 Willow 
Ill. (Pure Oil Co.) 

“HENDERSON, RUSSELL C. 
(Yale Rubber Mfg. Co.) 

HENDRICKS, JOHN G., 20 Hedges Ave., Chatham, 
N. J. (National Lead Co.) 

HENDRIX, RAY O., 3151 Highland Dr., Silver Lake, 
Cuyahoga Falls, Ohio (B. F. Goodrich Co.) 

HENKEL, PAUL H., 312 Madison Ave., Erie, Penna. 
(Continental Rubber Wks.) 

HENLEY, JOHN W., 1260 E. 80th St., Indianapolis 
20, Ind. «Schwitzer-Cummins Co.) 

HENRY, J. D., JR., 5302 Crewford St., Houston, 
Texas 

HERDLEIN, RICHARD J., JR., 47 
Egyertsville 21, N. Y. 

HERMAN, C. RICHARD, 18 Condit Place, 
Morristown, N. J. (Polymer Adhesive) 

HERMONAT, WILLIAM A., 633 Robert St., 
Ridgewood, N. J. (U. S. Rubber Co.) 

HERRMAN, DAVID B., 751 Vose Ave., 
N. J. (Bell Telephone Labs.) 

HERSBERGER, ARTHUR B., 5240 Apache 
Drexel Hill, Pa. (Atlantic Refining Co.) 

HERSHBERGER, ALBERT, 240 Louvaine Dr., 
Kenmore, N. Y. (E. 1. duPont de Nemours & 
Co., Inc.) 

HERSHEY, ROBERT M., 711 
Canton, Ohio (Hoover Co.) 

*HEWITT, N. L., 77 Branch Ave., 
(F. D. Snell, Ine.) 

HEYMAN, KARL, 10 Crestmont Rd., 
N. J. (Mona Industries, Inc.) 

*HEYWOOD, M. M., 259 Staines Rd., Twickenham, 
Middlesex, England 

HIATT, H. D., 1718 Lawrence Ave., 
Ind. «U. S. Rubber Co.) 

HICKOX, RALPH T.. 261 La Espiral Dr., 
sCalif. (Goodyear Tire & Rubber Co.) 

HIERS, G. S., 130 Cynwyd Rd., 
Collins & Aikman Corp.) 

HIGGINS, E. J., 157 Boulevard, 
(U. S. Rubber Export) 

*HIGGINS, JOHN W., 1004 Whittier Ave., 
20, Ohio (Bonded Foam Latex, Inc.) 

HIGGINS, W. W., 52 Grover Lane, Caldwell, N. J. 
(United Carbon Co.) 

HILL, CALEB M., 81 Beekman Rd., Summit, N. J. 
(Bell Telephone Labs.) 

HILL, FREDERICK B., JR., 212 Woodale Ave., Llan- 
gollen,. New Castle, Del. «E. I. duPont de 
Nemours & Co., Inc.) 

HILL, GEORGE R., 65 
9, Mass. 


Ave., Akron 14, 


Perkasie, 
Sandusky, 
Road, Winnetka, 


Mich. 


Sandusky, 


Fairchild Dr., 


Orange, 


Lane, 


Woodrow Ave., North 
ted Bank, N. J. 


Montclair, 


Indianapolis, 
Orinda, 
Bala-Cynwyd, Pa. 
Scarsdale, N. Y. 


Akron 


Peekskill Ave., Springfield 


(Monsanto Chemical Co.) 
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— NORMAN C., R. D. 5, Box 450, Akron 19, 

io 

HILL, ROBERT M., 24 Grafton Rd., Hamden, Conn, 
(Aimstrony Rubber Co.) 

HILL, RUTHERFORD B., Box 415, 
(Monsanto Chemical Co.) 

HINDERER, ROBERT F., 4514 Allerton, Ft. Wayne, 
Ind. (U. S. Rubber Co.) 

HINES, RAYMOND F., 18437 Stansbury, Detroit 35, 


Nitro, W. Va. 


Mich. 

HINSHAW, G. K., 202 Twin Oaks Rd., Akron, Ohio 
(Goodyear Tire & Rubber Co.) 

HISCOTT, JOHN M., R. D. 1, Chester Springs, Pa. 
(The West Company) 

HITCH, VERNON K., 576 Greenwood 
20, Ohio (Akron Chemical Co.) 
HIXSON, CHARLES, Crosswicks & Extonville Rds., 

Yardville, N. J. 
HOADLEY, EUGENE W., 169 Church Hill 
Trumbull 19, Conn. (Gora-Lee Corp.) 
HOBAICA, JOSEPH C., 1099 Van Dyke Ave., Detroit 
14, Mich. (U. S. Rubber Co.) 

HOBSON, RICHARD W.. 657 Schocalog Rd., Akron 
20, Ohio (Goodyear Tire & Rubber Co.) 

——. RICHARD C., 121 - S. 10th St., Quakertown, 
a. 


Ave., Akron 


Road, 


HODGEN, W. R., &0 W. Center 
(American Anode, Inc.) 
HOEL, ARCHIE B.. 1045 Morgan Ave., Drexel Hill, 

Pa. (Sun Oil Co.) 

HOERAUF, HERBERT W., 5550 
24, Mich. (U. S. Rubber Co.) 

HOESLY, J. J., 574 Delaware Ave., 
(Goodyear Tire & Rubber Co.) 

HOFFMAN, HAROLD C., Box 831, 
(J. M. Huber Corp.) 

HOFFMAN, HARRY A., 1940 
Akron 13, Ohio (Retired) 

HOFMANN, CHARLES M., 1044 N. 
Pampa, Texas (Cabot Carbon Co.) 

HOGUE, J. M., 2678 Elmwood, Cuyahoga Falls, Ohio 

HOHLFELDER, LEONARD P., 2096 Fairmount Ave., 
St. Paul 5, Minn. (Minnesota Mining & Mfg.) 

HOIT, BRUCE, 29 Birch St., Marblehead, Mass. 

HOKE, CHARLES E., 700 Farmdale, Ferndale 20, 
Mich. «U. S. Rubber Co.) 

HOLBROOK, FREDERIC L., 284 Church St., 
Naugatuck, Conn. (Naugatuck Chemical Div.) 
HOLBROOK, R. A., Rubber Products Co., 

Shelton, Conn. 

HOLDEN, BRUCE R., Goodyear Tire & Rubber Co., 
New Bedford, Mass. 

HOLLEY, W. J., 
Apartado Nacional 
America 

HOLLINGSWORTH, GORDON P., 16 Hanover Rd., 
Pleasant Ridge, Mich. (Minnesota Mining & 
Mfg.) 

HOLLIS, ARTHUR L., 1312 Lee Gate Rd., N. W., 
Washineton, D. C. (Synthetic Rubber Div., RFC) 

HOLLISTER, JOSEPH W., 1123 Diablo St., Vallejo, 


St., Akron &, Ohio 
Somerset, Detroit 
Akron 5, Ohio 
Borger, Texas 
Rd., 


Stockbridge 


Starkweather, 


Sponge 


Colombia, SA, 
Cali-Colombia, 


Goodyear De 


567, 


South 


Calif. (Mare Island Naval Shipyard) 
HOLLOWAY, JOHN M., 309 Olympic St., Vallejo, 
Calif. (U. S. Navy) 
HOLMBERG, A. W., 33 Sweeney St., Naugatuck, 


Conn. 

HOLMES, DAVID W., 2113 Edgehill Rd., Louisville, 
Ky. (E. I. duPont de Nemours & Co., Ine.) 
HOLMES, FRANK O., JR., 2815 Northland St., 
Cuyahova Falls, Ohio (Swedish Ins. of Rubber 

Technology, Stockholm) 


HOLT, CAMPBELL R., 1228 River Terr., Hobart, 
Ind. (Marbon Corp.) 
HOOGSTOEL, LEON E., 23 Westover Rd., Troy, 


N. Y. (Behr-Manning Corp.) 


HOOVER, CLYDE F., Clement Ave., Hillwood Lakes, 
Trenton, N. J. (Pequanoe Rubber Co.) 

HOOVER, DONALD W., 18S Dover Pkwy., Stewart 
Manor, L. I., N. Y¥. (Flexton Corp.) 

HOPKINS, CARL E., 3642 N. Broad St., 
Philadelphia 40, Penna. 

*HORBAL, MYRON, 41 Bassett St.. Ansonia, Conn. 
(Sidney Blumenthal & Co.) 

HORNE, SAMUEL E., JR., 58 Westvate Cir., Apt. C, 
Akron 13, Ohio (B. F. Goodrich Research) 


HORTON, RICHARD C., 157 Newport Ave., 
Pawtucket, R. I. (Owens-Corning Fiberglass 
Corp.) 

HOSIER, ALBERT E., 309 E. Liberty St., Ashland, 


Ohio (Faultless Rubber Co.) 
HOTH,. FREDERIC D., 113 Dewey St., 
Vt. (Ben-Mont Papers, Inc.) 
*HOUSEL, WARREN A., 5103 Pennway St., 
Philadelphia 24, Pa. 

HOVEY, ALMON G., Route 4, Anoka, 
(Archer-Daniels-Midland Co.) 
HOWARD, HARRY W., $03 Jervis 
N. Y. (Rome Cable Corp.) 
HOWARD, J. B., Tall Oaks Dr., Summit, N. J. 

(Bell Telephone Co.) 


Bennington, 


Minn. 


Ave., Rome, 


HOWE, DONALD E., 267 Storer Ave., Akron 2, 
Ohio (Firestone Tire & Rubber Co.) 
HOWLAND, LOUIS H., &8& Litchfield Rd., Water- 


town, Conn. (Naugatuck Chemical Co.) 
HOYLE, TONNIE A., Rm. 509, 714 W. Olympic, 
Los Angeles 15, Calif. (B. F. Goodrich Chemical) 
HUBBARD, A. W., Standard Oil Dev. Co., 
P. O. Box 51, Linden, N. J. 
HUBBARD, BRUCE W., 431 S. East Ave., Oak Park, 
Ill. (Ideal Roller & Mfg.) 
HUBBARD, FLAVIUS B., 45 Fern St., 
Maine (Webster Rubber Co.) 
*HUBER, R. B., 216 Tremont St., Boston 


Auburn, 


16, Mass. 


(R. B. Huber, Sales Engr.) 

HUEY, ROBERT M., 23 Noyes Ave., Bristol, R. I. 
(U. S. Rubber Co.) 

HUFF, C. ELTON, 723 N. Wenger St., Mishawaka, 


Ind. (U. S. Rubber Co.) 
HUGGINS, MAURICE L., 259 Maplewood Dr., 
Rochester 13, N. Y. (Eastman Kodak Co.) 
HUGHES, R. E., 3903 Gustine, St. Louis 16, Mo. 
(Seiberling Rubber Co.) 

HUIZINGA, RALPH, 12033 Rossiter, 
Mich. (U. S. Rubber Co.) 

HUKARI, W. C., 53 East Overdale Ave., Tallmadge, 
Ohio (Goodyear Tire & Rubber Co.) 

HULL, JAMES WM.,. 50 Wall St., Box 694, Madison, 
Conn, (Flexible Tubing Corp.) 

HULL, RAYMOND J., 645 Hillcrest Ave., Westfield, 
N. J. (Phillips Chemical Co.) 

HULSE, GEORGE E., Hercules Powder Co., 
Wilmington 99, Del. 

HULSWIT, WM. H., JR., 443 Roland Rd., Grosse 
Pointe Farms, Mich. (U. S. Rubber Co.) 

HUMPHREY, B. J., 680 Evergreen Ave., Mt. Carmel, 
Conn. (Humphrey-Wilkinson, Inc.) 

HUNTER, BYRON A., Larkey Rd., RFD 1, Seymour, 
Conn. (Naugatuck Chemical Co.) 

*HUNTER, GERALD G., 150 Marlborough Dr., 
Pontiae 19, Mich. (Baldwin Rubber Co.) 

HUNTER, JOSEPH F., 14247 Detroit 27, 
Mich. (U. S. Rubber Co.) 

HURST, ARTHUR, Goodyear Tire & Rubber Co., 
of Canada, Ltd., Quebee City, Quebec, Canada 
HUSEN, PAUL C., 102 Esterino, Philrich, Borger, 

Texas (Phillips Chemical Co.) 
HUSSEY, HAROLD A., 25 Winslow Rd., 

78, Mass. (Hood Rubber Co.) 
HUTCHINSON, R. E., 8121 Madison Ave., 

Gate, Calif. (Firestone Tire & Rubber Co.) 


Detroit 24, 


Prevost, 


Belmont 


South 


a 
17 


HUTCHISON, JAMES M 120 
Wilmington, Del 

HUTSON, JAMES L., 200 Harvey, 
(General Tire & tubber Co.) 


Fairview Ave., 


Baytown, Texas 


IKNAYAN, A. N 3967 Guilford Ave., 
5, Ind. «U. S. Rubber Co.) 
INGMANSON, JOHN H., 46 Jackson Bd 
17, Conr (Whitney-Blake Co.) 
INSKEEP, GEO. 508 W. 23rd St., Wilmington 
Del. duPont de Nemou & Ine.) 
IRVIN, HOWARD H., Maple Ave., 
(Marbon Corp.) 
IZMIKIAN, EDWARD, 141) Forest 
Forest, Tl. CH. Muehlstein & 


Indianapolis 


Hamider 


Gary, Ind 
Park 


Dunellen, 


ZZ0,. ROBERT L., 12 Victo 
N. J 


JACKSON, CARKOLL E., 
Ind. (Paranite Wire 
JACKSON, WHARTON, 
Girt, N. J. (Georwia 
JACKSON, WILLIAM W.., 
N. J. ‘Crescent Ins. Wire & 
JACORER, HAROLD F.. 85 Hill Cire 
1k, Mich. (Baldwin Rubber Co.) 
JAGORSEN, A. E.. Boo Amboy, N. J 
MNational Lead Co.) 
JAGORSON, LARRY, 1952 N. State St.. Painesville, 


. Trenton 9, 


Pontiac 


South 


Pkwy., Fort 


Carbon Co.) 
Rd., 


ROBERT W 2615 Colonial 
as (Sid Richardson 
JAMES. RAYMOND W., 66° Blake 
Mass. (Arthur D. Little, In 
JAMES. ROBERT R., 112 Greenfield Ave., Vallejo, 

Calit il S. Navy) 
JANKOWSKI, F. HENRY, Minnesota Mining & Mfg 
Go., Box 757, London, Ontario, 
*JANSEN, CHARLES T., 21 Valley Rd., 
N. J) (Rubber Ave) 
JARVIS. A 15055 Garfield Ave., 
Mich. (Wyandotte Chem 
*JATINEN, GEORGE, 150 
Bake, N. J. 
*JEPFERY. N. H., 12A, The 
Derby, England 
JENNINGS, GEORGE L., 
Pointe Woods 30, Mich. «(U. 8S. 
JILESON. PAUL C., 730 
(U.S. Rubber Co.) 
"JIMENEZ, JOSEPH C 13330 E. Belyate St., 
Baldwin Park, Calif. (Caram Mfg. Co.) 
JOESTING, EDWIN O., 3316 N. Lake Owasso Blvd.. 
S: Paul Minn. (Minnesota Mining & Co.) 
JOHNSON, ARLING H., Box 751, R. D. 1, 
Larecaster, Pa. (Armstrong Cork Co.) 
JOHNSON, B. L., 766 Giendora Ave., 
Ohw (Firesione Tire & Rubber Co.) 
JOHNSON, CHARLES E., 229 Woodcrest Bivd 
Kenmore 23, N. Y 
JOHNSON, CLEON R., Box 339, Ridgewood, N. J. 
JOHNSON, DEARNS W., Lavo Alberto 366, Mexico, 
D. (Cia Hulera Fuzkadi) 
JOHNSON, JAMES B., 71 Hillcrest Ave., 
J. (Linear, Ine.) 
JOHNSON, JOHN H., 
Chicavo Hts., 
JOHNSON, PAUL H., 1555 Sunset Ave., 
Ohio (Firestone Tire & Rubber Co.) 


JABGH! 
Wor 


Lexington 


Canada 
Haworth, 
Alien Park, 
Corp.) 
Zechwood Dr., Packanack 


Hollow, Mickleover, 


19953 Emory Ct. E, 
Rubber Co.) 
Hope St., Bristol, R. I. 


Grosse 


Akron 20 


Trenton, 


Bailey Rd., Park Forest, 


Akron 19, 


JOHNSON, ROBERT FE., 1127 Winton Ave., Akron 
20, Ohio «+B. F. Goodrich Co.) 

JOHNSON, T. A., 5312 Kenilworth Dr., 
Ohio 

JOHNSON, WILLIAM D., Graton & Knight Co., 
356 Franklin St., Worcester 4, Mass. 

JOHNSTON, DONALD O., & Candia St., 
Mass. ‘Boston Wover Hose & Rubbe: 

JONES, ARNOLD J., 24 E. Rosewood Ave., 
1%, Ohio «Firestone Tire & Rubber Co.) 

TONEs, EARLE, Gifford St., Butler, 
(American Hard TPubber Co, 

JONES, GEORGE J., 4° Linden Park Dr., Waltham, 
Mass. (Hood Rubber Co.) 

JONES, H., The 
Trafford Park, 

JONES, H. C., 202 
(New Jersey Zine Co.) 

JONES, PAUL C., R. F. D. No. 2, 
Chavrin Falls, Ohio (B. F. 
Co.) 

JONES, WARREN E., 587 
Ohio (Firestone Tire & 

JONES, WARREN H., 5F, 
N. J. «The West Co.) 

JORCZAK, JOSEPH S., 4071 Nottingham 
Hamilton Square, N. J. ¢Thiokol Corp.) 

JORDAN, H. F., 7 Pomander Walk, Nutley, N. J. 
(U. S. Rubber Co.) 

JORDAN, HERMAN J., 325 Via 
Verdes Estates, Calif. I 
& Co., Inc.) 

*JOSLIN, C. EVANS, 5 
Quebec, Canada 

JUDY, J. N., 36 Summit Rd., Naugatuck, Conn. 
(Nausatuck Chemical Div.) 

JUVE, ARTHUR E., 1756 W. Market St., Akron 13, 
Ohio (B. F. Goodrich Co.) 

JUVE, ROBERT D., Rothrock 
(Mohawk Rubber Co.) 


Akron 3, 


Arlington, 
Co.) 


Akron 


Geigy Co., Ltd., Tenax Road, 
Manchester, Envland 

Princeton Ave., Palmerton, Pa. 
Larkspur Lane, 
Goodrich Chemical 


Ma!vern Rd., 
Rubber Co.+ 


Arlene Village, 


Akron, 
Millville. 


Way, 


Arriba, Palos 
. duPont de Nemours 


Howard Ave., Sherbrooke, 


Road, Copley, Ohiv 


iN 
KAHN, MICHAEL, 10 Yale St., 
KALATA, FAUST W., 4436 
Mich. 
KALBER, WILFRID A., 47 
Mass. (Dewey & Almy 
KAMLET, JONAS, Easton, Conn. (The Kamlet Lab.) 
KANAVEL, G. A., 27 Elmhurst Ave., Trenton, N. J. 
(Vulcanized Rubber & Plastics) 
*KANTOR, THEODORE A., San Lorenzo 572, 
La Lucila, Prov. de, Buenos Aires, Argentina 
KAPLAN, S. J., Akron-Bosion Mills Rd., 
Akron, Ohio (Paeco Rubber Co.) 
KARCH, HERBERT S., 2954 Overlook 
Lake, R. D. 2, Cuyahova Falls, Ohio 
*KASE, SHIGEO, 502 Nakamoto-cho, Joto-ku, 
Osaka, Japan (Staff Researcher) 

KASTEIN, BENJAMIN, 2061 - 24th St., Cuyahoga 
Falls, Ohio (Firestone Tire & Rubber Co.) 
KAUFMAN, BERNARD A., 4025 N. Keystone Si, 

Chicago, Hl. (Licn Rubber Preducts Co.) 
KAVENAGH, CARL, Stockton Street, Princeton, 
N. (National Automotive Fibres, Inc.) 
WILLIAM E., Windsor, Vt. 
Tire & Rubber Co.) 
KAWAGUCHI, TERUO, 2 Cho Me Sasayamamachi, 
Kurume, Japan 
KAYSER, W. GILBERT, JR., 767 Springfield 
Summit, N. J. (Sharples Chemicals, Inc.) 
*KEAGH, J. R., 741s - 4th Ave., Melrose Park, 
Philadelphia 26, Pa. (Quaker Rubber Corp.) 


Nutley, N. J. 


Elmwood, Detroit 7, 


Amsden St., 
Chemical Co.) 


Arlington, 


1688 


Rd., Silver 


*KAVENAGH, 


(Goodyear 


Ave., 


} 
I 
Ave., 
i ia 
J 
4 
| 
| 
| 
> 
\ 
| 
« 
i 
2 18, 
Py, 


*KEATING, J. 
Manhasset, 
KEEN, 
(U. S. 
KEEN, W. 
(E. 1. 
KEENAN, 


ROY, 
Xs 
ALEXIS W., 


117 Castle Ridge Rd., 
(Binney & Smith Co.) 
Packanack Lake, N. J. 
Rubber Co.) 
NEWLIN, R. D. 4, Wilmington, 
duPont de Nemours & Co., Ince.) 
V. J.. Atlantic Refining Co., 
2700 Passyunk Ave., Philadelphia, Pa. 
KEHE, HENRY J., 1045 Bloomfield Ave., Akron 2, 
Ohi «+B. F. Goodrich Res.) 
KEILEN, J. J., West Virginia 
Charleston, S. Car. 
*KEITH, W. P., 516 Delaware Ave., 
(The Hygienic Dental Mfe. Co.) 
KELLY, ARTHUR, 500 South Main 
Ohio (B. F. Goodrich Co.) 
“KELSEY, ROBERT H., 741 Wellesley 
Ohio 
KELSEY, W. F., 7 
Mass. ‘(Easthampton 


Del. 


Pulp and Paper Co., 


Akron, Ohio 


St.. Akron 1:5, 


Ave., Akron, 


Groveland St., Fasthampton, 
Rubber Thread Co.) 
*KELTIE, GEORGE R., 177 Franklin St, Wrentham, 
Mass. (American Wringer Co.) 
KELTNER, LAURENCE R., 238s 
Akron 13, Ohio (B. F. Goodrich 
KEMMERLEY, J. R., Glen Riddle 
(Hercules Powder Co.) 
KEMP, ARCHIE R., 231 Prospect 
3, Calif. (Consulting Chemist) 
KEMPEL, A. B., 
Inc.) 
KENNEDY, CARL D., 151 Sip 
N. (Fred Waterhouse Co., 
KERN, ERVIN S, 6 Brooks Rd., 
(R. T. Vanderbilt Co.) 
KERR, RICHARD M., 2106 
Philadelphia 24, Penna. 
KERSCHER, J. F., 1350 Riverside Dr., 
Ohio (Goodyear Tire & Rubber Co.) 
KERSHNER, D. W., 900 West 29th 
Del. 
KERSKER, T. 


Ridgewood Rd., 
Co.) 
Road, 


Media, Pa. 


Ave., Long Beach 


East Brady, Penna. (Rex-Hide, 


Ave., Jersey City 6, 
Ltd.) 
New Canaan, Conn. 


McKinley St., 


Akron 10, 


St.. Wilmington, 
M., 307 Castle Blvd., 
(Firestone Tire & Rubber Co.) 
*KETTERING, RUSSELL D., 7749 Sterling 
Oakland, Calif. (Oliver Tire & Rubber Co.) 
KHARASCH, MORRIS S., S. Woodlawn 
Chicago 37, Ik «University of Chicago) 
KIDDER, GLEN A., Firestone Plantation, 
Liberia, West Africa 
KIDWELL, ALFRED S., 
Milford, Conn. 
KIEFFER, CARLOS F., 
Indianapolis 5, Ind. 
KIEL, EDWARD W., 711 W. Franklin St., Jackson, 
Mich. (Goodyear Tire & Rubber Co.) 
KILBOURNE, F. L., JR... 39 Chapel St., Woodmont, 
Conn. (Conn. Hard Rubber Co.) 
KILPATRICK, L. R., 98 Gilpin Road, 
Ohio (Goodyear Tire & Rubber Co.) 
*KIMMICH, E. G., 333 Casile Blvd., Akron 5, 
KIMPEL, G. D., Lovell Mfx. Co., Erie, 
KINDLE, ROBERT W., 10660 Duprey, 
Mich. (U. S. Rubber Co.) 
KING, GLENN E., 28611 Euclid Ave., Wickliffe, Ohio 
KING, ROBERT J., Carter Road, New Canaan, Conn. 
(Robert J. King Co., Inc.) 
KING, WILLIAM H., 258 Maple St., 
Mass. (Acushnet Process Co.) 
KINNEY, W. B., The Borden Co., Res. Laboratory, 
Bainbridge, N. Y. 

KIRKPATRICK, D. W., Old Farm Rd., Lincoln, 
Mass. (Boston Woven Hose & Rubber Co.) 
KIRSCHNER, JACOB, 4156 Wilcox St., Chicago 24, 

Ill. (Dryden Rubber Div.) 


Akron 3, Ohio 


Dr., 


5622 


Ave., 
Harbel 


314 Welch's Point Rd., 


2262 N. Delaware St., 


Akron 13, 


Vhio 
Pa, 


Detroit 24, 


New Bedford, 


19. 


KIRSHENBAUM, ABRAHAM D., 7243 Horrocks St., 
Philadelphia 24, Pa. (Temple Res. Inst.) 
*KISHLER, M. B., 132 Sturgeon, St. Mary’s, 
(Goodyear Tire & Rubber Co.) 
KITCHEN, LELAND J., 1684 Girard St., 
Ohio (Firestone Tire & Rubber Co.) 
KITCHIN, DONALD W., 50 Hastings St.. 
Hills 82, Mass. (Simplex Wire & Cable) 
KIXMILLER, RICHARD W., 114 Prospect St., 
Cummit, N. J. (Celanese Cor). of America) 
KLEIN, G. J., 2064 Stabler Rd., Akron 13, Ohio 
(Sharples Chemicals, Inc.) 
KLINE, HOWARD E., 330 Broad St.. 
Pa. (Walker Bros. of Conshohocken) 
KNAPP, R. CONWAY, Route 2, Grabill, 
(U. S. Rubber Co.) 
KNARR, ROBERT L., 1112 
Mich. (Dow Chemical Co.) 
KNIEL, ERWIN, Bex 105, Copley, 
University, Government Labs.) 
KNILL, ROBERT B., 917 Packard 
Ohio (Goodyear Tire & Rubber 
KNORR, E. Minnesota Mining & Mfg. 
411 Piquette Ave., Detroit 2, Mich. 
KNOWLAND, DANIEL P., 105 New England Ave., 
Cummit, N. J. (Geigy Company, Ine.) 
KNOWLAND, THOMAS M., 35 Tobey Rd., Belmont, 
Mass. (Boston Woven Hose & Rubber Co.) 
*KOCH, FREDERICK C., 1709 Sheridan Ave., 
Detroit 14, Mich. (Detroit Arsenal) 
KOEHLER, F. A., R. D. 3, 
Tire & Rubber Co.) 
“KOHLHAGEN, FRED, 
N. Y. (Globe Woven 
KOLOGISKI, G. K., 1501 
Charlotte 4, N. Car. (Radiator Specialty Co.) 
KOPPE, JAMES C., 1728 Vassar Ave., N. 
Canton 3, Ohio (Synthetic Rubber Div., 
*KOSTAS, GEORGE J., 
Texas (General Tire & Rubber Co.) 
KOVACS, FRANK, 150 White Pond Dr., 
Ohio (Seiberline Rubber Co.) 
KRAFT, GERALD G., 917 W. 18th St., Chicago, Il. 
KRAFT, M. M., Kraft Co., 917 W. 8th 
St., Chicago &, Il, 
KRAMER, JOHN S., 200 S. 
(LaCrosse Rubber Mills) 
KRANTZ, GEORGE B., 2430 
Washington, D. C, 
KRANTZ, W. J., 199 Pfeiffer 
(Goodyear Tire & Rubber 
KRATLI, FRANK H., 418 E. 
Ind. (U. S. Rubber Co.) 
KRATZ, GEORGE D., Suite 1803, 347 Madison Ave., 
New York 17, N. Y¥ 
KRAUSE, ARTHUR H., 
(Marbon Corp.) 
KRCHMA, L. C., 1168 E. 66th St., Kansas City, Mo. 
(Socony-Vacuum Oil Co.) 
KRECK, CHARLES H., 112 E. Chester Pike, Ridley 
Park, Pa. (RCA Victor) 
KREIDER, LEONARD C., 40% Highland Ave., 
Wadsworth, Ohio (B. F. Govudrich Res. Center) 
KREJCI, JOE C., 1403 Phillips Ave., Phillips, Texas 
(Phillips Chemical Co.) 

KRESS, KENNETH E., R. F. D. 2, 
(Firestone Tire & Rubber Co.) 
*"KREUZ, ROBERT L., 127 Maplefield, 

Ridge, Mich. (Acadia Synthetic Prod.) 
KRIGBAUM, W. R., Baker Laboratory, 
University, Ithaca, New York 
KRISMANN, EMIL H., 
Mills Rd., Boston, 

Nemours & Co., 


Ohio 
Akron 19, 


Wellesley 


Spring City, 


Ind. 


Ashman St., 


Midland, 


Ohio (Akron 


Dr., Akron 


Co.) 


20, 


S., Co., 


Hudson, Ohio (Goodyear 


125 Cedar Rd., 
Belting Co.) 
E. Fifth St.. Apt. 1, 


Buffalo 15, 


R.FAC.) 


1806 Kansas St., Baytown, 


Akron, 


Chemical 


14th St., LaCrosse, Wise. 


Penna. Ave., 


Ave., 
Co.) 


3rd 


Akron 12, Qhio 


St., Mishawaka, 


R. R. 1, Crown Point, Ind. 


Medina, Ohio 
Pleasant 


Cornell 


Boston 
de 


Brandybrook Farm, 
Ohio (E. I. duPont 
Inc.) 


. 
bs 
| 
f 
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KROPA, EDWARD L., 7 Rockmere Rd., Old Green- 
wich, Conn, (The Borden Company) 
KUCKRO, GERARD W., 2718 Fairfield 
Bridgeport, Conn. (General Electric 
*KUHLMAN, ARTHUR H., JR., 247 
Cuyahoga Falls, Ohio 
"KUHN, CHARLES H 
Calif. (Master Provessing 
KUNDINGER, R. A., Dominion 
Kitchener, Ont., Canada 
KURTZ, RUSSELL A., 701 
Del. «E. LI. duPont de Nemours 
KURTZ, STEWART Oil 
Penna 
KUSTRZYK, FRANCES E., 
Detroit 5, Mich. 
KUYKENDALL, 
Akron 17, Ohio 
POKVET, E. J., 208 


Ave., 
Co.) 


Ave., 


Johnson 


3725 Cedar Ave., Lynwood, 
Corp.) 
Tire Factor 
Wilmington, 
Co., Inc.) 


Norwood, 


River Rd., 
& 
S., Sun o., 


S771 Outer Dr., E., 


B., Firestone Tire & Rubber 


Larchlea Dr., Birmingham, Mich. 


*LAAFF, GEORGE High 


Mass. ‘Bolta Company) 
LAATSCH, M. HERMAN, JR., 214 S. sth St., 

EF. Gadsden, Ala. (Goodyear Tire & Rubber Co.) 
LABOWSKY, ANDREW, 71D Street, Andrews Blvd., 
Clifton, N. J. (International Abrasive Corp.) 
LABRECQUE, VINCENT J., 221 S. laVergne Ave., 

Chicage 44, IL 
LaCROSSE, CLIFFORD 
Baltimore 30, Md. 
LADD. ELBERT C., 455 Passaic 
wu. Rubber Co.) 
AM A., 159 Wagon Road, Roslyn Hts., 
Y. (Columbian Carbon Co.) 
R. Inst. of Tech., Library, Stockholm 


s., 8 Plain Rd., Andover, 


G., 1800 Bayard St., 


Ave., N. J. 


Passaic, 
Ss 


LAD). WILLI 


LAMM. 
26, Sweden 
LAMIPO. RALPH, 2 Sherman Morristown, N. J. 
LANDFIELD. HAROLD, 124 Randolph PL, W. 
Orange, N. J. tirvinvton Varnish & Insulator 
Co.) 
LAN: 
Grove, 
LANG. OTTO 
Conn 
LANGAN, EUGENE E., 14046 Artesian, 
Mich. «Minnesota Mining & Mfg.) 
LANGKAMER, JAMES M., 1420 Orthodox 
Philadelphia 24, Pa. 
LANHAM. NOEL M.. 
N. ¥. (0.8 
LANING. EDWIN 
& Webster Sts., 
*LANSING, ANNE, 
*LAPKOWSKI, MJR., 
Poland 
LaPORTE, RALPH T., 504 Baird 
Ohio ‘Seiberling Rubber Co.) 
LARKIN, JOSEPH B., 3609 Wellington Rd., Los 
Anyveles 16, Calif. (PB Div., Byron Jackson Co.) 
LARKIN, ROBERT G., 649 Bienveneda Ave., Pacific 
Palisades, Calif. (Douglas Aircraft Co.) 
LARSEN, B. N Forest Circle, W. 
Conn. 
LARSEN, 
Penna 
LARSON, 
Conn. 
LARTER, 


Ave., 
Inc. 


WwW. 


Cedar 


ARTHUR J., 50 East Bradford 
N. J. (H. V. Hardman Co., 
J., 207 Ave., 


Haven, 


tichmond 
Detroit 23, 
St., 


120 Blvd., 


Cabrini 
Rubber Co.) 

R., Stokes Molded Prod., Ta 
Trenton 4, N. J 
Ave., 
Wronskievo 


yloi 


Belleville, N. J. 
Warsaw, 


60 Carmer 


Ul 


a 


Barberton, 


Ave., 


Haven, 


South 


PETER J., 1053 E. Gore Road, Erie, 


CARL A.., Hamden, 
Whitney-Blake 
RAYMOND B., 
Mass. (Firestone Ind. 
*LASSER, R. L., 213 Castle 
(Harwick Standard Chemical 


Grandview Ave., 
Co.) 

S1 Barnaby St., Fali Rive 
Prod.) 
Blvd., 
Co.) 


Akron 3, Ohio 


PAUL W., 6835 Lansdowne 
Mo. (Cupples Company?) 
ROBERT W., 1540 Sunset 
(Govt. Evaluation Labs.) 
LAURENCE, ALBERT E., 508 South Main St., 
Lombard, Illinois (Phillips Chemical Co.) 
"LAURIE, IRVING, 310 Lincoln Ave., Highland 
Park, N. J. (Laurie Rubber Reclaiming) 
LAWLESS, JOHN J., 26 N. Washington Ave., 
Ventner City, N. J. (L. H. Gilmer Div. of U. S. 
Rubber) 
LAWRENCE, H. 
Hills 82, Mass. 
Ine.) 
LAWSON, 


LATIMER, Ave., St. 
Louis 9, 
LAUNDRIE, 


19, Ohio 


Ave., Akron 


LOGAN, 29 Bristol Rd., Wellesley 
iE. I. duPont de Nemours & Co., 


CARL W.., Moore Ave., 
Conn. (Naugatuck Chemical Div.) 
LAWSON, GEORGE R., 1407 Flat Rock Rd., Penn. 

Valley, Narberth, P. O., Penna. (Sharples Chem- 
icals, Ine.) 
LEAMAN, LOUIS, 25% Seaver St., 
(Mavic Chemical Co.) 
LeBEAU, D. S., 7570 Byron Pl., Clayton, 
(Midwest Rubber Reclaiming Co.) 
LeBRAS, JEAN, Institut Francais du Caoutehouc, 
42, Rue Scheffer, 42, Paris 16, France (Scientific 
Inspector) 
LeBRIS, G., 
59, Paris 


Naugatuck, 


21, Mass. 


Joston 


Mo. 


Maison de L’'Indochine, Blvd. Jourdan 
14, France (French Rubber Inst.) 
LeCLAIRE, CLAIRE D., 325 Academy, Ferndale, 
Mich. (Minnesota Mining & Mfg.) 
LEEPER, HAROLD M., 9661 S. Crandon Ave., 
Chicago 17, Tl «Wm. Wrigley, Jr., Co.) 
*LEFCADITIS, GEORGE, Dimocharous, 13, Athens, 
(Karthea Rubber Mfg. Co.) 
JAMES C., 1221 Riverside Dr., 


(;reece 
LEHR, 
del. 
LEHTO, CHARLES N., 2459 - 
Falls, Ohio (Goodyear Tire & Rubber Co.) 
LEIGHTON, R. M., 18 Rider Terrace, Auburndale, 
Mass. (Stowe-Woodward, Inc.) 
LEISTNER, W. E., Argus Chemical Lab., 633 Court 
St., Brooklyn 31, N. Y. 
LENHART, GEORGE B., 1918 Dennison PL, N. W., 
Canton, Ohio (Wilson Rubber Co.) 
*LEONARD, FRANK O., 2°44 - 20th St., Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 
LEONARD, MILTON H., 2405 - 15th St., Cuyahoga 
Falls, Ohio (Binney & Smith Co.) 
LERNER, M. E., 22 - 217th St., 
N. Y. (The Rubber Age) 
LeSOTA, STANLEY, 284 Cooper St., 
N. Y. «National Lead Res. Labs.) 
EDWARD T., R. D. 1, Box 
Ohio «+B. F. Goodrich 
*LeVENE, ETHEL, 1727 Mass. Ave., N. W., Wash- 
ington 6, D. C. (Bureau of Ships, Navy Dept.) 
LEVENS, ERNEST, 3030 West Sixth St., Los Angeles 
54, Calif. 

"LEVER. A. E.. 4 Briton Crescent, Sanderstead, 
Surrey, Envy. (Rubber & Plastics Consultant) 
LEVIN, MICHAEL, 320 W. Mansfield St., Bucyrus, 

Ohio «Swan Rubber Co.) 

LEVY, HARRY V., 50 Park Terrace 
34, N. Y. S. Rubber Co.) 
*LEWIS, ARLAN D., 4334 Fourth St., Wayne, Mich. 

(Essex Wire Corp.) 
LEWIS, A. R., Residence Park, 
(Monsanto Chemical Co.) 
LEWIS, MARTIN L., 214 W. Main St., Elkton, Md. 
L,'HEUREUX. MARCEL F., 259 Northern Ave., 

Augusta, Maine ‘Bates Mfg. Co.) 
LIBBY, PAUL W., Box 831, Borger, 

Huber Corp.) 
LIBKIND, HERMAN, 

35, Calif. (Western 


Wilmington, 


16th St., Cuyahoga 


{8.99 


Bayside, L. I., 
Brooklyn 27, 


LESSIG, 29, Cuyahoga 


Falls, 


E., New York 


Palmerton, Penna. 


(J. M. 


Texas 


Los Angeles 


Co.) 


9001 Cresta Dr., 
Insulated Wire 


20. 
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LICHTENSTEIN, DAN, 450 Bath Ave., Long Branch, 
N. J. (Signal Corps Eng. Labs.) 

LICHTMAN, JOSEPH Z., 1482 Morris Ave., New 
York 57, N. Y. (N. Y. Naval Shipyard) 

LICHTY, J. G., R. D. 1, Box 145, Cuyahoga Falls, 
Ohio (Goodyear Tire & Rubber Co.) 

LIDDICK, HAROLD S., Juniper Ridge Rd., Lincoln, 
Mass. (Davidson Rubber Co.) 

LIESE, ROBERT K., Apartado 70, Havana, Cuba 
(Compania Goodrich Cubana) 

LIGGETT, LAWRENCE M., 2350 - 19th, Wyandotte, 
Mich. ‘Wyandotte Chemicals Corp.) 

LIGHTBOWN, IRVING E., 125 Broad St., Room 699, 
Elizabeth, N. J. (Enjay Company. Inc.) 

LILES. LEWIS R., 1440 Broad Blvd., Cuyahoga 
Falls, Ohio (B. F. Goodrich Co.) 

*LIN, I., 3729 Locust St., Philadelphia 4, Pa. 

*LINCOLN, ALFRED H., Everett Street, Sherborn, 
Mass. (Tillotson Rubber Co.) 

LINDAW, ARTHUR C., Lyncrest Dr., 
Conn. (American Cyanamid Co.) 

LINDEN, ERIK G., 22 William Street, Red Bank, 
N. J. (Signal Corps Eng. Lab.) 
LINDGREN, DAVID R., 321 Filmore Ave., Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 
LINDNER, GORDON F., 15094 Piedmont, Detroit 23, 
Mich. (Minnesota Mining & Mfg.) 

LING, HOWARD G., R. 1. Three Oaks, Mich. 
(Naugatuck Chemical Div.) 

LINHORST, ERWIN F., 5232 Mt. Vernon Pk. Dr., 
Fort Wayne, Ind. (U. S. Rubber Co.) 

LINNIG, FREDERIC J., 1426 - 2ist St.. N. W., 
Washington 6, D.C. (National Bur. of Standards) 

LISKA, JOHN W., 158 Wetmore St., Stow, Ohio 
(Firestone Tire & Rubber Co.) 

*LISKOVEC. JOSEPH J., 514 S. 11th Street La- 
Crosse, Wise, (LaCrosse Rubber Mills) 

LITTLE, JULIAN R., 26 Hillerest Dr., Packanack 
Lake, N. J. «U. S. Rubber Co.) 

LITTMAN, JOSEPH B., 795 Willard, S. E., Warren, 
Ohio (Packard Electric Div., Gen. Motors) 
*LLOYD, A. B., Lloyd Mfg. Co., Ine., Apponaug, 


No walk, 


*LOCKWOOD, W. S., 4721 Yuma Street, N. W., 
Washington, D. C. (Natural Rubber Bur.) 

LONG, WILLIAM W., 4450 College Ave., Indian- 
apolis, Ind. «The Richardson Co.) 

LONGWORTH, LYLE L., 17 Dix Street, Winchester, 
Mass. (Monsanto Chemical Co.) 
LOOMIS, GEORGE P., 2833 Lee Rd., Silver Lake, 
Cuyahova Falls, Ohio (B. F. Goodrich Co.) 
LOOSLI, ALDEN R., 927 Rahway Rd., Plainfield, 
N. J. (American Cyanamid Co.) 

LOSER, THOMAS N., 605 Broad St., Bank Bldg., 
Trenton, N. J. (Georgia Marble Co.) 

LOUGHBOROUGH, DWIGHT L., 8702. Riverview 
Ra., Brecksville, Ohio (B. F. Goodrich Res. Lab.) 

LOUTHAN, CATHER P., 857 Sunnyside Ave., 
Akron, Ohio (Godfrey L. Cabot, Inc.) 

LOVELAND, ROBERT, 248 Oak Pkwy., Dunellen, 
N. J. (R. T. Vanderbilt Co.) 

LOVELESS, R. S., 12-A, Lumar Village, Butler, Pa. 
(Castle Rubber Co.) 

LOVELL, DALE E., 742 Indiana Ave., Mishawaka, 
Indiana 

LOWMAN, MAURICE, 215 N. Chestnut St., St. 
Mary’s, Ohio (Goodyear Tire & Rubber Co.) 

LOY, E. A., 47 Colden St., Newark 4, N. J. 
(Eberhard Faber Pencil Co.) 

*LUCIA, ANGELO A., 1324 Dietz Ave., Akron 1, 
Ohio (General Tire & Rubber Co.) 

LUFTER, C. H., 1709 Marigold Ave., Akron, Ohio 
(B. F. Goodrich Chemical Co.) 

LUKENS, ‘ALAN R., 52 Rockledge Rd., Newton 

Highlands, Mass. (Lukens Laboratories) 


*LUKENS, DONALD N., 52 Rockledge Rd., Newton 
Highlands, Mass. (Laminar Corp.) 

LULL, RAYMOND S., 30 Rye Place, Kenmore 23, 
N. Y. (Dunlop Tire & Rubber Co.) 

LUNDBERG, C. V., 18 Edison St., Ridgefield Park, 
N. J. (Bell Telephone Labs.) 

LUNDGREN, CARL W., 2428 Homestead Pl, Cin- 
cinnati 11, Ohio 

LUNDQUIST, W. E., Rt. No. 1, Savage, Minn. 
(Minnesota Mining & Mfg.) 

LUNDSTEDT, OSCAR W., 280 Gregory Ave., 
Passaic, N. J. (U. S. Rubber Co.) 

LUPKE, PAUL, JR., 771 E. State Street, Trenton 9, 
N. J. (Essex Rubber Co.) 

LUQUES, STEWART E., 7 Reid Ave., Passaic, N. J. 
(U. S. Rubber Co.) 

LURIE, LEON R., 150 Bradlee Ave., Swampscott, 
Mass. (Malrex Chemical Co.) 

LUSKIN, ROBERT G.,°5039 Third Ave., Los Angeles 
43, Calif. (Goodyear Tire & Rubber Co.) 

LUSSIE, W. H., 588 Ellyn Ave., Glen Ellyn, Ib 
(R. T. Vanderbilt Co.) 

LUTH, HAROLD J., 627 Columbia, Holland, Mich. 
(Harsyd Chemicals, Inc.) 

LYNCH, MARIE H., 1223 Foster Ave., Chicavo 40, 
Ill. (Underwriters’ Laboratories) 
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MAASSEN, G. C., R. F. D. 2, Wilton, Conn. 
(R. T. Vanderbilt Co.) 

MACE, E. W., 3407 Forest Manor, Indianapolis 18, 
Ind. (U. S. Rubber Co.) 

MacGREGOR, ALEXANDER G., 3 School Lane, 
Tilton, N. H. (Arthur S. Brown Mfg. Co.) 
*MacGREGOR, D. W., 
Ottawa, Canada 
*MACHALA, ANTHONY A., 16 Haig St., Batawa, 

Ont., Canada (Bata Shoe Co.) 

*MacISAAC, KENNETH L., 12024 Chatham, Detroit 
28, Mich. (Monsanto Chemical Co.) 

MACK, GORDON C., 
Ohio (Lawyer) 
MacKAY, JOHN A., 934 Bullocks Point Ave., River- 

side 15, R. I. (Phillips Chemical Co.) 

MacKAY, J. W., 405 South Santa Anita Ave., 
Pasadena 10, Calif. (Monsanto Chemical Co.) 
MacKENZIE, WALLACE B., 63 St. Andrews PI., 
Yonkers 5, N. Y. (Phelps Dodge Copper Prod.) 
MACKLEM, WALTER C., 21515 Atlantic, Van Dyke, 

Mich. 

MacKINNON, WALLACE L., 705 Prospect Ave., 
Bellefonte, Wilmington, Del. (E. I. duPont de 
Nemours & Co., Ine.) 

MACLAY, WILLIAM N., R. D. 7, Box 108B, Akron 
3, Ohio 

MADDY, D. C.. 6601 W. Sist St., Los Angeles, Calif. 
(Harwick Standard Chemical Co.) 

MADELKERN, LEO, Dept. of Chemistry, Cornell 
University, Ithaca, New York 

MAGRANE. JOHN K., 59 Warner St., Hudson, Mass. 
(New England Tape Co., Inc.) 

“MAGUIRE, WM. A.. 43 Leon St., Boston 15, Mass. 
(United Carbon Co.) 

MALCOLM, W. FRASER, 62 Colgate Rd., Newton 
Lower Falls 62, Mass. (Titanium Pigment Corp.) 

MALCOLMSON, RICHARD W., 213 South PIL, 
Collins Park, New Castle, Del. (E. I. duPont de 
Nemours & Co., Ine.) 

MALLARD, MANLEY T., 77 South St., Williams- 
town, Mass. (Cornish Wire Co.) 

MALLARD, PAUL A., 2743 Kilburn Ave., Napa, 
Calif. 
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MALM, F. S., 931 Ridgewood Road, Millburn, N. J. 
(Consulting Engineer 
MALO, URBAIN J. H., 77 Littlefield St., 
Khode Island (Crescent Co., Inc.) 
“MALONE, W. T., JR., 29 Fisher Pl, Trenton 
N. J. (General Supply & Chemical Co.) 
MANGION, JOSEPH, 25 Wilson Rd., Bedford, Mass 
owe-Woodward, Inc.) 
JAMES U., 102 


Pawtucket, 


Herrick Ave., 
Rubber Co.) 
JOSEPH, Ansvier 
St.. Cambridwe, Mass 
MANSKE, R. H., Dominion Rubber Co., Res. Lab- 
oratories, Guelph, Ontario 
MARBERG, CARL M., 235 Ward Pkwy., 
City 2, M (Gustin-Bacon Mfg. Co.) 
MARCHIONNA, FREDERICK, 4516 - 47th St.. 
N. W Washington 16, D. C. (Dept. of Com- 
merce) 
MARK HERMAN F., 99 Livineston St.. Brooklyn 2, 
" N Y (Polytechnic Inst. of Brooklyn) 
MELVIN P., 55 Rock Ave., Lynn, Mass. 


Chemical Corps.) 


Teaneck, 
MANNING 


Products Co., Potter 


Kansas 


MARKS 
‘Army 

MARON, SAMUEL H.. 2632 Milton Rd., University 
Hts. 1s, Ohio (Case Inst. of Technology) 

MARPLE, KENNETH E.. 11) Daryl Dr., 
Calif. «Shell Dev. Co.) 

MARR, R. B., Naugatuck Chemicals Div. of Dormin- 
ion Rubber Co., Ltd., Elmira, Ontario, Canada 
MARSH. JAMES W., 1630 - loth Ave., S., 

invgham, Ala. (Southern Res. Inst.) 
*MARSHALL, JOHN H., 45 West St., 
Mass. (Synthon, Inc.) 
*MARSHALL, J. W., 2602 Meriva'e Dr., Fort Wayne 
Ind. 
*MARSTON, ROY H., 257 Kenilworth Dr., 
Akron 3, Ohio (Binney & Smith Co.) 
MARTIN. F. A., 24 Woolf Ave., Akron, Ohio 


(Hoover 


Ovinda, 


Birm- 


Dedham, 


Cranston 10, 


MARTIN, FRANK S., 34 Keith Ave., 
R. 


Rubbe Co. 
MARIIN, GEORGE E., 837) Elkins Ave., 
Park, Pa. «Aldan Rubber Co.) 
MARTIN, R. C.. R. D. 7. Box 560, 
(Goodyear Tire & Rubber Co.) 
MARTIN, S. M.. JR., Thiokol Corn., 
Ave., Trenton, N. 

MARTON, OLIVER L., 227 - St., 
N. J. (Shulton, Ine.) 

MARVIN, ROBERT S., 3101 Edeewood Road, 
Kensington, Md. (National Bur. of Standards) 

MARWICK. GORDON E., 1014 N. Madison St., 
Rome, N. Y. (Rome Cable Corp.) 

MASLAND, C. H., Box 443, Carlisle, Pa. «C. 
Masland & Sons) 

*MASON J. K., Firestone Industrial Prod. Co., 
1405 Henry St., Detroit 32, Mich. 

MASON, LAWRENCE G., 1953 - 16th St., Cuyahoga 
Falls, Ohio (B. F. Goodrich Co.) 

MASTIN, THOMAS G., 291 Sumatra Ave., Akron 5, 
Ohio (Goodyear Tire & Rubber Co.) 

MATHES, ROGER A.. 1597 Delia Ave., Akron 2, 
Ohio (B. F. Goodrich Res.) 
MATHESON, L. A., 1011 Ninth St., 

(Dow Chemical Co.) 
MATHEWS. W. C., 619 Seminole Rd., 
Ohio (Mead Corp.) 
*MATSUDAIRA, NOBUTAKA, 73 
Kurume, Japan (Bridgestone Tire Co., 
MAYER, ROBERT Hewitt-Robins, 
MAYES, CARL G., 558 Cypress Ave 
(Firestone Tire & Rubber Co.) 
MAYES, W. G.. R. D. 9, Box 19, 
(Firestone Tire & Rubber Co.) 
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North Bergen, 


Boulder, Colo. 
Chillicothe, 
Asahi-machi, 


Ltd. 


Inc., Buffalo 


. Akron 1, Ohio 


Akron 19, Ohio 


MAYO, LELAND R., 2662 Sylvan Rd., Cuvahoyga 
Falls, Ohio (E. I. duPont de Nemours & Co., 
Inc.) 

McCALL, C. A., 2635 Broad Blvd., Cuyahoyva Falls, 
Ohio (Firestone Tire & Rubber Co.) 

McCARTHY, EDWARD W., 910 - &Sist Street, 
Brooklyn 28, N. Y. (Vulean Rubber Prod.) 

McCARTHY, J. F., ¢ 0 Thiokol Corp., Trenton, N. J. 

MceCARTHY, J. RANDOLPH, 220 Reamer Ave., 
Bellemoor, Wilmington 4, Del. (E. I. duPont de 
Nemours & Co., Inc.) 

McCARTHY, WILLIAM J., 9013 Lincale Dr., 
Bethesda 14, Md. (Office of Rubber Reserve) 
McCLELLAND, G. L., 815 W. 3ist St., Erie, Penna. 
McCLURE, EARL F., 2700 - 3rd St., Cuyahoga Falls, 

Ohio (Goodyear Tire & Rubber Co.) 

McCLURE, R. R., Products Co., 
Painesville, Ohio 

McCOLLISTER, A. M., Harburger Gummi Waren 
Fabrik, Phoenix A. G., Hamburg-Harburg, 
Germany 

McCOLLUM, O. H., 378 Greenwood Ave., Akron, 
Ohio (E. 1. duPont de Nemours & Co., Ire.) 

McCOLM, EUGENE M., Imperial Park, Westport, 
Conn. (U. S. Rubber Co.) 

McCORD, G. P., Oaklandon, Ind. «U. S. Rubber Co.) 

McCORMACK, CHARLES E., Chestnut Dr., Woods- 
town, N. J. cE. I. duPont de Nemours & Co., 
Ine.) 

McCORTNEY, W. J., 215 Vorn Lane, Birmingham, 
Mich. (Chrysler Corp.) 

McCRACKEN, EDWARD A., 1614 Avondale Dr., 
Baton Rouge, La. (Esso Standard Oil Co.) 

McCUBBIN, R. J., 1282 Fairmount Ave., St. 
Minn. (Minnesota Mining & Mfx.) 

McCULLOUGH, W. W., 2451 Triplett Blvd., Akron 
12, Ohio 

McCUNE, SAMUEL W., 386 Mountain Ave., Ridge- 
wood, N. J. ¢(E. I. duPont de Nemours & Co., 
Inc.) 

McCUTCHAN, GEORGE L., ¢ 
Rome, New York 

McCUTCHEON, ROBERT J., 1035 Ave., 
Akron 2, Ohio (Goodyear Tire & Rubber Co.) 

McDONALD, JOHN E., R. D. 2, Box 15, Kent, Ohio 
(Goodyear Tire & Rubber Co.) 

*McELLIGOTT, J. K., 263 Kenilworth Dr., Akron 3, 
Ohio (A. Schulman, Inc.) 

McELROY, JOHN F., 121 Mercer St., Apt. 11B, 
Somerville, N. J. (Industrial Tape Corp.) 

McFADDEN, G. HORACE, 85 E. Southington Ave., 
Worthington, Ohio (Ohio State University) 

McFADDEN, ROBERT S., 418 Selden Ave., Akron 
19, Ohio (Firestone Research) 

McFARLAND, R., JR., 316 Ash Street, Crystal Lake, 
Ill. 

McGAVACK, JOHN, 144 Ames Ave., Lecnia, N. J. 
(U. S. Rubber Co.) 

McGERVEY, P. L., JR., 440 Arlington Ave., Glen 
Ellyn, Ul. (The Richardson Co.) 

McGIFFIN, J. Q., 1612 Florida St., Baytown, Texas 
(General Tire & Rubber Co.) 

*McKECHNIE, WILLIAM  V., 325 Brookline St., 
Needham, Mass. (Southbridge Plastics Co.) 
McKEOWN, C. B., 1563 - 19th St., Cuyahoga Falls, 
Ohio (B. F. Goodrich Co.) 
McKINNEY, M. E., Rural Route 2, 
(International Harvester Co.) 
McLAUGHLIN, E. C., 1037 Coolidge Dr., San 
Gabriel, Calif. CH. M. Royal, Inc.) 
McMILLAN, FRANK M., & Hall Drive, 

Calif. «Shel! Dev. Co.) 

*McMULLEN, ALVIN, 890 National Ave., Akron 14, 

Ohio 
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McNABB, FRED L., Rose Bldg., Cleveland 15, Ohio 
(B. F. Goodrich Chemical) 

McNAMARA, GEORGE N., 143 Hillcrest Dr., 
anack Lake, N. J. (Pequanoc Rubber Co.) 

McNAMEE, JAMES P., 39 Windsor Ct., Pawtucket, 
R. I. (U. S. Rubber Co.) 

*McNEILLY, A. S., 71 Lincoln 
Mass. (Esso Standard Oi! Co.) 

McPHERSON, A. T., 19 Cleveland St., 
Md. (Nat'l. Bur. of Standards) 

McRITCHIE, DAVID G., JR., General Asbestos & 
Rubber Div., Raybestos Manhattan, Inc., N. 
Charleston, S. Car. 

MEASE, ARCH J., R. R. 1, Box 311-C, Los Altos, 
Calif. (E. I. duPont de Nemours & Co., Inc.) 
*MEEK, HOWARD, 2240 Norwood Ave., Norwood, 

Cincinnati 12, Ohio (Federal Color Labs.) 
MEINCKE, E. R., 1213 Herman Ave., Akron, 
({Xylos Rubber Co.) 
MEISS, P. E., Jacksonville-Hedding 
Bordentown, N. J 
MELTZER, T. H., ¢/o Thiokol Corp., Trenton, N. J. 
MENDREY, FRANCIS G., 32 Devon Ave., Trenton, 
N. J. (H. N. Richards Co.) 
*MENOTTI, RACHELLI, Viale 
Grugliasco (Torino) Italy 
MERRILL, ARTHUR M., 1821 Longfellow 
New York 60, N. Y. (India Rubber World) 
MERRILL, J. A., R. D. 10, Box 534, Akron 1, Ohio 
MERZ, PAUL L., 136 Hutchinson St., Waterbury, 
Conn, 
MESSENGER, DOUGLAS S., 317 Hathaway PI., 
Palmyra, New York (Garlock Packing Co.) 
*MESSINA, NICHOLAS, 7 Market Lane, Lake 
Success, N. Y. (Circle Wire & Cable Co.) 
METZ, PAUL A., JR., 79 Wilbur Ave., North 
Dartmouth, Mass. (Goodyear Tire & Rubber Co.) 
METZGER, CULLEN W., 3355 Lincoln Way E.. 
Massillon, Ohio (Firestone Tire & Rubber Co.) 
METZGER, RICHARD E., Fabrica Espanola De 
Caucho, Torrelevega, Spain (General Tire & 
Rubber Co.) 
METZNER, W. P., 823 Springdale Dr., 
W. Va. (Monsanto Chemical Co.) 
*MEYER, ALBERT L., 9522 Lawndale Ave., Skokie, 
Illinois (Herron & Meyer of Chic.) 

MEYER, ALBERT W., U. S. Rubber 
Labs., Passaic, N. J. 

MEYER, DANIEL A., 716 Acorn 
Ohio (Dayton Rubber Co.) 

*MEYER, EDWARD T., 2405 Lincolnwood Dr., 
Evanston, Ill. (Herron & Meyer of Chic.) 

MEYER, GLEN E., 1424 N. Rolling Rd., Baltimore 
28, Md. (Latex & Rubber, Inc.) 

MEYER, HAROLD S., 1154 Jefferson Ave., Akron 2, 
Ohio (B. F. Goodrich Co.) 

*MIAZGA, JOSEPH F., First 
Conn. 

MICELI, A. S., Rothman, R. R. 
(U. S. Rubber Co.) 

MICHALEK, JOHN C., 8702 Pershing Ave., Niagara 
Falls, N. Y. (Trichemco, Inc.) 

MICLETTE, BERTRAND C., Chamberlain Corp., 
Waterloo, lowa 

MIGHTON, CHARLES J., Madelyn Gardens Shipley 
Rd., Wilmington, Del. (E. I. duPont de Nemours 
& Co., Inc. } 

MILLER, GEORGE C., 290 Dodge St., 
N. Y. (Dunlop Tire & Rubber Co.) 
MILLER, GEORGE W., 2159 Lorain Rd., San Marino 
9, Calif. (W. J. Voit Rubber Corp.) 
*MILLER, H. N., 2001 Bonham, Amarillo, 

(Continental Carbon Co.) 
MILLER, JAMES R., 1334 Meriline St., Cuyahoga 
Falls, Ohio (B. F. Goodrich Chemical Co.) 
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MILLER, JOE D., Rubatex 
MiLLER, KENNETH J., 4529 N. Morris Blvd., 
Milwaukee 11, Wisc. (Albert Trostel & Sons) 
MILLER, LOREN J., 2489 Berk St., Cuyahoga Falls, 
Ohio (American Hard Rubber Co.) 
ee MORRIS M., 4010 Fagen Dr., Des Moines, 
owa 
MILLER, SAMUEL J., 1525 Joseph St., 
37, Ohio (The duBois Co.) 
MILLER, VERLE A., 511 Penna. Ave., 
Delaware (International Latex Corp.) 
MILLIGAN, G. R., 142 Washington St., Palmyra, 
New York (Garlock Packing Co.) 
MILTON, CLARE L., JR., 4100 Roland Ave., Balti- 
more 11, Md. (Plastic Specialties Co.) 
MINNERLY, H. EDSON, JR., 4272 Hawthorne Ave., 
— Lake, Ohio (B. F. Goodrich Chemical 
*MINNIG, C. J., 214 N. Portage 
Ohio (Witeo Chemical Co.) 
MISERENTINO, CHARLES 0., Lisbon Av 
Buffalo 15,'N. Y. (Dunlop Tire & Rubber Co.) 
MITCHELL, EDWIN T., B. B. Chemical Co., T84 
Memorial Dr., Cantbridge 39, Mass. 
MITCHELL, GEORGE R., Pine Orchard. 
(Olin Industries) 
MITCHELL, L. A., 
(Phillips Petroleum Co.) 
MITTEN, ROBERT W., 1330 
Iowa (Dryden Rubber Div.) 
MOCHEL, W. E., 1208 Wynnbrook Rd., Wilmi 
Del. (E. I. duPont de Nemours & Co., Ror 
*MOE, J. EDGAR, 8&5 Broad 
(Jacobs Rubber Div.) 
MOHAUPT, CHARLES S., 2520 Falls Ave., C 
hoga Falls, Ohio (B. F. Goodrich 
MOLINE, ARTHUR W., R. D. 5, Box 583, Akron 19 
Ohio (American Hard Rubber Co.) g romp? 
MOLYN, MICHAEL, 349 Beechwood Dr., 
Ohio (Goodyear Tire & Rubber Co.) 
MONCK, MYRON C., 266 S. Hawkins 
2, Ohio (B. F. Goodrich Co.) 
MONTERMOSO, JUAN C., 4017 - 14th St., 
Washington, D. C. 
*MOONEY, MELVIN, 
sakes, N. J. (U. S. Rubber Co.) 
MOORE, CARL, 10003 Newton Ave., 
Ohio (Case Inst. of Tech.) 
MOORE, CLARENCE B., 103 Robin Road, 
Trenton, N. J. (Herron Bros. & Meyer, 
MOORE, JACK R., 43 Clemmer Ave., Akron 2, 
(Harwick Standard Chemical 
MOORE, ROBERT L., 
(U. S. Rubber Co.) 
*MOORE, W. A., 5942 
(Bell Rubber Co.) 
*MOOSHEGRANZ, G. P., 2898 Main St., Apt. A-4, 
Bridgeport, Conn, (Jenkins Bros.) 
MORGAN, C. P., 138 W. Franklin St., 
Pa. (Vulcanized Rubber & Plastics) 
*MORGAN, H. K., P. O. Box 1159, Kansas City, Mo. 
*"MORGAN, WILLIAM, Arran, Highland Rd., 
— Bucks, (Monsanto Chemicals 
std.) 
*MORITA, EIICHI, 
Hawaii 
MORONEY, 
Conn. 
MORRIS, H. B., 
(Consultant) 
MORRIS, ROSS E., 19 El Camino Real, 
Calif. (Mare Island Naval Shipyard) 
MORRIS, VINCENT ALLISON, 197 Union Road, 
Walmer, Cape Province, Union of South Africa 
(Firestone (SA) Pty., Ltd.) 
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MORRIS, V. N., &11 Abbott St... Highland Park, 
N. J. ‘Industrial Tape Corp.) 

MORRISON, JOHN S. B., 30 Clyde Rd., Watertown 
72, Mass. (Simplex Wire & Cable Co.) 

MORRISSEY, RICHARD T., 2067 - 27th St., 
Cuyahoga Falls, Ohio «(B. F. Goodrich Co.) 

MORRON, JOHN D., 307 Clark St., Markle, Ind. 
‘U. S. Rubber Co.) 

MORROW, SAMUEL C., 51 Oakdale Ave., Akron 3, 
Ohio (Firestone Research) 

*MORSE, D. S., Bloomingdale Rubber Co., Chester, 
Pa. 

MORTON, AVERY A., 182 Standish Rd., Watertown 
72, Mass. (Mass. Inst. Tech.) 

MORTON, H. A., 475 Dorchester Road, Akron, Ohio 
(Chemico, Inc.) 

MORTON, H. CLIFFORD, 16 Bradley Ave., Bran- 

ford, Conn. (Russell Co.) 


MORTON, MAURICE, 960 Hardesty Blvd., Akron, 


Ohio (University of Akron) 


SMOSER, WILLIAM M., 17204 Via Alamitos, San 


Lorenzo, Calif. (Pacific Tire & Rubber Co.) 

MOSES, FRANCIS L., 204 Park Ave., Naugatuck, 
Conn. «Naugatuck Chemical Div.) 

MOWRY, K. W.. 2153 Poplar, Apt. 4, Memphis 4, 
Tenn. (Firestone Tire & Rubber Co.) 

*MUEHLSTEIN, CHARLES, ¢ © H. Muehlstein & 
Co., 327 S LaSalle St., Chicayo 4. 

MUELLER, ROBERT, 723'. Wagner Ave., Ft. 
Wayne, Indiana (U. S. Rubber Co.) 

MUELLER, WILLIAM J., 299 E. Weisheimer Rd., 
Columbus 2, Ohio (Battelle Mem. Inst.) 

MULBARGER, FRANCIS A., 349 N. Bolton Ave., 
Indianapolis, Ind. «U. S. Rubber Co.) 

MULLALY. A. B., 119 Garfield Ave., Avon, N. J. 
(Advance Solvents & Chemical Co) 

MULLEN. JAMES W., Deepwater Terminal Rd., 
P. O. Box 1-T, Richmond, Va. (Experiment, 
Ine.) 

MULLER, ANNE M., 1152 Holcomb, Detroit 14, 
Mich. «U. S. Rubber Co.) 

MULLER, R. H., 124 Abbots Rd. Abbots Langley 
Herts, Ene. (J. G. Franklin & Sons, Ltd.) 
MULLIN. CHARLES K., 214 Edge Hill Rd., Milton, 

Mass. «©. K. Mullin, Ine.) 

MUNN. JAMES I., Maplecrest Dr.. Greenville, R. 1. 

MUNSELL, ROBERT E.. 36 Stiles Ave., Morris 
Plains, N. J. (Stein, Hall & Co.) 

MUNSTER, WALTER N., “Glen Bolton”, The Plains, 
Va. (Office of Rubber Reserve) 

MURAWSKI, PETER P., 211 Clermont Ave., 
Brooklyn, N. Y. 

MURDOCH, ALEXANDER, JR... Gaylord Mountain 
Rd... Hamden, Conn. (Armstrong Rubber Co.) 
MURPHY, E. D., 273 Dedham St., Newton High- 

lands, Mass. (Carbide & Carbon Chemicals Co.) 

MURPHY, ROBERT K., Sydney Technical College 
Library, Harris S., Ultimo, Sydney, N. S. W., 
Australia 

MURRAY, GEORGE F., 26 Washington St., Perth 
Amboy, N. J. (General Cable Corp.) 

MURRAY, L. A., JR., 27 Holburn Ave., Cranston 10, 
R | (U. S. Rubber Co.) 

MUSCH, JOHN H., 3099 Orchard Rd.. Silver Lake, 
Cuyahova Falls, Ohio (Firestone Tire & Rubber 
Co.) 

MYERS, ALBERT E., ¢ © Shell Oil Co., 50 West 
50th St.. New York 20, N. Y 


N 


NAGY, LOUIS, c¢c o Parker, Stearns & Co., 
Brooklyn 7, N. Y. 

NAPLES, F. JOHN, 680 Noble Ave., Akron 26, 
Ohio (Goodyear Research) 


*NAUNTON, W. J. S., 40 Perrymead, Prestwich, 
Manchester, Eng. 

NAYLOR, R. A., 169 Park Lane Villas, Stamford, 
Conn. (American Cyanamid Co.) 

NAZZARO, RALPH T., 14 Sheldon Ave., Easthamp- 
ton, Mass. (Westfield River Paper Co.) 

NEAL, ARTHUR M., 1009 Overbrock Rd., Wilming- 
ton, Del. (E. I. duPont de Nemours & Co., Inc.) 

MEKLUTIN, V. C., 4G Glenbrook Gardens, 
Naugatuck, Conn. «U. S. Rubber Co.) 

NELLEN, A. H., co Lee Rubber & Tire Corp., 
Conshohocken, Penna. 

*NELSON, OSCAR, United Carbon Co., Box 1913, 
Charleston 27, W. Va. 

NELSON, WAYNE F., 2639 Washingtor Blvd., 
Huntington 1, W. Va. (American Container 
Corp.) 

NELSON, WM. G., 558 Philip St., Detroit, Mich. 

*NESBIT, JEAN H., 7 Cloister Ct., Eggertsville, 
N. Y. «U. S. Rubber Reclaiming Co.) 

NESTY, G. A., Box 309, Morristown, N. J. (Allied 
Chemical & Dye) 

*NEU, L. D., R. R. 5, Box 246, Dayton 4, Ohio 
(Inland Mfg. Div. GMC) 

NEUMANN, ERICH A. J., Agraciada 2726, Apto. 8, 
Montevideo, Uruguay 

NEVILLE, C. A., 1324 Bishop Rd., Grosse Pointe Pk. 
30, Mich. (U. S. Rubber Co.) 

NEWBERG, R. G., Standard Oil Dev. Co., P.O. 
Box 51, Linden, N. J 

NEWELL, I. LAIRD, 11 Laurel St., Hartford, Conn. 

NEWTON, EDWIN B., 506 Crosby St., Apt. 6, 
Akron 2, Ohio (B. F. Goodrich Research) 

NICHOLLS, R. V. V., Dept. of Chemistry, MeGill 
Iniv., Montreal, Canada 

NICHOLS, PARKS M., 3945 Devonshire, Detroit 24, 
Mich. 

NICHOLS, ROBINSON F., 123 S. Maple St., Apt. 2, 
Akron 2, Ohio «B. F. Goodrich Co.) 

NICOL, SHELDON C., 2874 Lodge Ave., Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 
NICOL, W. HOWARD, 944 Chestnut Blvd., Cuyahoga 

Falls, Ohio (Goodyear Tire & Rubber Co.) 

NIELSEN, LAWRENCE E., s6 East St., Springfield 
4, Mass. (Monsanto Chemical Co.) 

NIEMEYER, H. J., 374 E. Catawba Ave., Akron, 
Ohio (Firestone Tire & Rubber Co.) 

NIESSEN, PAUL F., Box 341, Manchester Rd., R. 1, 
Wheaton, Ill. (Victor Mfg. & Gasket) 

NOBLE, ROYCE J., 21 Woodland Rd., Malden, Mass. 

NOLAN, ARTHUR, 231 Gralan Rd., Baltimore 28, 

Md. ‘Latex & Rubber, Inc.) 

NOLAN, JOHN P., 12 West High, Avon, Mass. 
‘Avon Sole Co.) 

*NOLAN, WILLIAM L., 16 Virginia Ave., Dayton 
10, Ohio 

NORDHEIMER, H. P., 420 E. 23rd St., New York 
10, N. Y. (CH. A. Astlett & Co.) 


NORDIN, CHARLES R., 2228 Laurel Canyon Blvd., 
Los Angeles 46, Calif. 
NORDSTROM, YNGVE H., 117 Bay State Rd., 


Worcester 6, Mass. (Norton Company) 


NORMAN, L. GLENN, 715 College St., Bedford, Va. 


NORTHAM, A. J., 3 Parkway, Villa Monterey, 
Wilmington, Del. (E. I. duPont de Nemours & 
Co., Inc.) 


NORTON, RALPH B., 85 Grand St., Seymour, Conn. 


NOVAKOVICH, NIKOLA, 5131 Northland Ave., 
St. Louis 13, Mo. (Midwest Rubber Reclaiming 
Co.) 

NOVOTNY, C. K., 45 Tokeneke Dr., Hamden 14, 
Conn. (Armstrong Rubber Co.) 


24 


‘ 
| 
it 
— 
| 
ig 
7 
$3 
j 
| 
| 
ey 
fl 
8 
| 
te 
. 


OAKLEAF, AMOS W., 2106 Braewick Circle, Akron, 
Ohio (Phillips Chemical Co.) 

OBENTZ, LLOYD, 1712 Girard St., Akron, Ohio 

OBERTO, STEFANO, Via Ragusa 12, Milano, Italy 
(Pirelli Co.) 

O'BRIEN, H. C., JR., 990 - 4th St., Beaver, Penna. 

O'BRIEN, RAYMOND J., 27 Walnut St.,  Ruther- 
ford, N. J. (U. S. Rubber Co.) 

O'BRIEN, WILLIAM J., 187 Carmalt Rd., Hamden, 
Conn. (Seamless Rubber Co.) 

O'CONNOR, MAURICE J., 1360 Lake Shore Dr., 
Chicago 10, Ill. (O'Connor & Choate, Inc.) 

OENSLAGER, GEORGE, 85 N. Wheaton Rd., 
Akron 13, Ohio 

*OHTA, TOSHIYUKI, c/o Mr. S. Inoue, No. 1, - 
l-chome Aioi-cho, Otaru, Hokkaido, Japan 

OFFUTT, H. H., 1014 W. 15th St., Odessa, Texas 
(Sid Richardson Co.) 

OLESEN, W., Rasmus Nielsensvej 3, Odense, Den- 
mark (Roulunds Fabriker, Ltd.) 

OLIN, R. R., P. O. Box 372, Akron, Ohio 
O'MAHONEY, JOSEPH F., JR., 1831 N. Alabama 
St., Indianapolis 2, Ind. (U. S. Rubber Co.) 
OMANSKY, MORRIS, 9 Babcock St., Brookline 46, 

Mass. (Consultant) 

ONEACRE, L. E., 1126 Birchard, 
(Cooper Tire & Rubber Co.) 

OPPENHEIM, RICHARD D., 133 Parkway Dr., 
Roslyn Heights, L. I., N. Y. (Spraylat Corp.) 

OPPER, RICHARD K., 365 Main St., Watertown, 
Conn. (Naugatuck Chemical Div.) 

ORR, MARCUS 0O., 236 Schocalog Road, Akron 138, 
Ohio (B. F. Goodrich Co.) 

OSBERG, EDWARD V., 539 Nome Ave., Akron 20, 
Ohio (General Tire & Rubber Co.) 

OSER, JACOB, 1627 Marin St., Vallejo, Calif. 

O'SHAUGHNESSY, M. T., 3 Indian Spring Rd., 
Cranford, N. J. (Polytechnic Inst. of Brooklyn) 

OSIKA, LEO J., 226 Walker Rd., Dover, Del. 
(International Latex Corp.) 

OSMAR, JOHN J., Osmar Chemical Processes Ince., 
Lantana, Fla. 

OTT, EMIL, Sedgely Farms, R. D. 1, Wilmington, 
Del. (Hercules Powder Co.) 

OTTENHOFF, PIETER, 1202 Hillside Rd., Holly 
Oak Terr... Wilmington, Del. (E. I. duPont de 
Nemours & Co., Inc.) 

*OUTA, Eng. Massakazu, Instituto de Pesquisas, 
Tecnologicas, Caixa Postal, 7141, Sao Paulo, 
Brazil, South America 

OUTCAULT, H. E., 37 Woodland Road, Short Hills, 
N. J. (St. Joseph Lead Co.) 

OVESEN, BERT C., 1010 Curtiss St., Downers 
Grove, Ill. (Phoenix Mfg. Co.) 

OWENS, DEAN L., 835 Bay St., Apt. 1, Santa 
Monica, Calif. (Rohm & Haas Co.) 

OXENHAM, ALFRED J., 838 Thorn St., Sewickley, 
Pa. (Pittsburgh Coke & Chem, Co.) 


Fremont, Ohio 


P 


RAYMOND, 1399 Northeast 


Goodrich Co.) 


Ave., 


PACKAUSKY, 
R. D. 4, Kent, Ohio (B. F. 

*PAGE, HAROLD D., 83 Crestview Ave., Springdale, 
Conn. (Waugh Equipment Co.) 


PAGEL, LaVERN F., Willard Hts., Willard, Ohio 
(Pioneer Rubber Co.) 

PAINTER, R. P., 20 Pleasant St., Natick, Mass. 
(Marbon Corp.) 

PALINCHAK, STEPHEN, 1904 Sells Ave., Columbus, 
Ohio (Battelle Memorial Inst.) 


PALLAS, VERNON R., 467 Wolcott Ave., Kent, 
Ohio (Firestone Tire & Rubber Co.) 
PALMER, HENRY F., 2419 Brighton Dr., 
ville 5, Ky. (Kentucky Syn. Rubber Co.) 

PANAGROSSI, AHMED, 43 Collett St., Hamden 1., 
Conn. (Conn. Hard Rubber Co.) 

PANEK, JULIAN, Thiokol Corp., Trenton, N. J. 

PANNONE, LESTER, Sponge Rubber Prod., Howe 
Ave., Shelton, Conn. 

PARKS, C. R., 869 Carroll St., 
(Goodyear Tire & Rubber Co.) 

PARRISH, CHARLES I., Box 23, Stow, Ohio 

PARRISH, WILLIAM D., 6619 Oakes Rd., Brecks- 
ville, Ohio (B. F. Goodrich Chemical Co.) 

PARRY, WILLIAM H., JR., 9 Yamate-cho, Naka-ku, 
Yokohama, Japan (B. F. Goodrich Co.) 

PARTENHEIMER, J. E., 12 Tower Drive, 
Maplewood, N. J. (Atlas Supply Co.) 

PASQUALINI, ARTHUR A., 5 Purdon Ave., Lynn, 
Mass. (Union Bay State Laboratories) 

PATRICK, J. C., Makefield Road, Morrisville, Pa. 
(Consultant) 

PATRICK, RICHARD K., 36 Harwick Road, 
Brockton 57, Mass. (Vulplex, Inc.) 

PATRICK, WALTER A., The Terraces, Mount 
Washington 9, Md. (Johns Hopkins University) 

PARTRIDGE, EDWARD G., Box 136, Stow, Ohio 

PATTERSON, IAN D., 245 Merriman Road, Akron 
3, Ohio (Goodyear Tire & Rubber Co.) 

PAUL, RICHARD H., 25 N. Beville Ave., Indian- 
apolis 1, Ind. (U. S. Rubber Co.) 

PAXTON, THOMAS R., 745 Wellesley Ave., Akron 
3, Ohio (B. F. Goodrich Res. Center) 


Louis 


Akron Ohio 


»>-PEABODY, DONALD W., R. D. 14, Box 132, Akron 


3, Ohio (Goodyear Tire & Rubber Co.) 

PEACOCK, WILLIAM H., 83 Grove Street, Elizabeth 
2, N. J. (American Cyanamid Co.) 

PEACOCK, WALTER W., JR., Old Coach Rd., 
Weston 93, Mass. 

“PEEL, J. D., Dunlop Research Centre, Batang 
Malaka Negri, Sembilan, Malaya 

PEARCY, EVERT M., Sid Richardson Carbon Go., 
335 S. Main St., Akron &, Ohio 

PEASE, RUSSELL E., 1022 W. 133rd St., Gardena, 
Calif. 

PEDEN, EDGAR A., 2789 S. 
Colo. (Gates Rubber Co.) 

PEDERSEN, W. W., 23451 Bryden Drive, 
Heights 22, Ohio (Dow Corning Co.) 

*PELIZZOLA, CAMILLO, Corso Genova 18, 
Vigevano Pavia, Italy 

“PERKINS, J. WAYNE, 123 Diamond St., New 
Haven 15, Conn. (Armstrong Rubber Co.) 

PERKINS, WILLIAM J., 27 Chase St., Danvers, 
Mass. (Avon Sole Co.) 

*PERREN, DALE R., Apartado Postal - 1028, 
Mexico City, Mexico (Goodyear OXO. SA) 

PERRINE, V. H., @14 Pine St., Trenton, N. J. 
(Thiokol Corp.) 

PERRY, JOHN L., Box 831, Borger, Texas 

PERRY, LLOYD H., 32 Bertwell Rd., Lexington, 
Mass. (Union Bay State Labs.) 

PESTAL, NEIL R., 11771 E. Las Palmas Dr., 
Fullerton, Calif. (Firestone Tire & Rubber Co.) 

PETERJOHN, A. C., 4422 W. 148rd St., Cleveland 
11, Ohio (C. P. Hall Co.) 

PETERS, HENRY, c/o Bell Telephone Labs., 463 
West St., New York, N. Y. 

PETERSON, L. C., 5814 N. Penn St., Indianapolis 
20, Ind. (U. S. Rubber Co.) 

*PETERSON, R. H., 5405 Pare St., 
P. Q., Canada 

PETERSON, W. H., 38 Morgan St., Stamford, Conn. 
(Enjay Co.) 


Adams St., Denver 16, 


Shaker 


Montreal 16, 
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PETRAS, JOHN F., 36 Chestnut Dr., Glen Rock, 
N. J. «U. S. Rubber Co.) 

PETZE, CHARLES L., JR., 17 The 
Castle, Del. (Delaware Research & 
Corp.) 

PFAU, EMERT S., 
Falls, Ohio 
PFEIFER, C. W., co 
Waterford, N. Y. 
PFENNINGER, ARNOLD, JR., Valley Rd., 

Conn. (Conn. Hard Rubber Co.) 

VPHILLIPPI, D. M., 30 Odlin Ave., 
(Inland Mfg. Div., GMC) 

PHILLIPS, FRANK J., 381 Norton St., New Haven, 
Conn. (Conn. Hard Rubber Co.) 

PHILLIPS. WARREN E., 1739 - 13th St., Cuyahoga 
Falls, Ohio (Firestone Tire & Rubber Co.) 
*PHREANER, ELLIS H., P. O. Box 568, Beverly 

" Hills, Calif. (Consulting Rubber Chemist) 

“PIETKIEWICZ, GEORGE, 16 Marshall St., Apt. 
SE, Irvington, N. J. 

*PIKE, S. J.. Fells Road, 
(S. J. Pike & Co.) 

PINHASIK, SIDNEY N., %10s W 
Chicago 22, Ul tArmour & Co.) 

PINTO, LEONARD F., 4350 Furman 


Strand, New 
Development 


2500 Wyandotte Ave., Cuyahoga 


General Electric Co., 


Bethany, 


Dayton 5, Ohio 


Essex Fells, New Jersey 


Walton St., 


Ave., New 
(Newport Industries) 
PETER P., 141 Truman PI., 
N. Y. (Rubber Avge) 
PLACE, WILFRED F. L., 230 
Gennevilliers (Seine) 
France) 
PLUMB, DAVID 
Chemical Co.+ 
PLUMMER, WILLIAM RB., 244 E. Pearson St., 
Chicago, Hl (Indoil Chemical Co.) 
PEUNT. FRANK B., 4800 Fillmore Terr., Apt. G-11, 
Philadelphia 24, Penna. 
POCKMAN, WILLIAM W., 47 
Hinvham, Mass. 

POLLARD, THOMAS N., 1174 Garman Rd., Akron 
3. Ohio (Monsanto Chemical Co.) 

POND, ARTHUR F., 
Uruguay (Fabrica 
S. A.) 

POOLEY, ROBERT W., 1051 N. 
S. Bend, Indiana 

POP’, GEORGE E., 38 North Pershing, 
(Phillips Chemical Co.) 

*POROSKY, JOHN H., 127 N 
Ohio 

PORRINI, GIOVANNI, 21 East Tenth St., New York 


York 66, 
*PINTO. 


Centerport, 


Avenue Laurent-Cely, 
France (Behr-Manning, 


Wilbraham, Mass. «(Monsanto 


Lafayette Ave., 


Canelones 2321, 
Uraguaya de 


Montevideo, 
Nuematicos, 


Johnson St., 
Akron, Ohio 


Adams St., Akron, 


PORTER, HILLMAN L., 125 Waverly St., 
bury, Conn. (Sponge Rubber Prod.) 
PORTHOUSE, C. R., 1303 Woodhill Dr., Kent, Ohio 
(Pyramid Rubber Co.) 

POWELL, CHARLES S., 
town, N. J. (Reiss 

POWELL, JESTON H., JR.. 70 Manor Rd., 
13, Ohio CB. F. Goodrich Co.) 

POWER, EUGENE B., University Microfilms, 
First St... Ann Arbor, Mich 

POWERS, H. V., P. O. Box 386, Tallmadge, Ohio 

POWERS, PAUL O., 135 Abbeyville Rd., Pittsburgh 
‘28, Penna. (Penna. Ind. Chemical Corp.) 

PRATT, DANIEL, 3161 Homewood Pkwy., Kensing- 
ton, Md. (Bur. of Ships, Navy Dept.) 

PRESCOTT, FRANCIS J., 281 Central Ave., 
Brooklyn 21, N. Y. 

*PRETTYMAN, IRVEN B., 210 Crescent Dr., Akron 
1, Ohio (Firestone Tire & Rubber Co.) 

PRICE, FLOYD L., 1517 S. Campbell, 
Calif. «W. J. Voit Rubber Co.) 


Water- 


Humphrey Rd., Morris- 
Corp.) 
Akron 


313 N. 


Alhambra, 


26. 


*PRICE, GLADDING, Cedar Ave., E. Greenwich, 
R. I 

PRIEPKE, RUDOLF J., Box 5, Dayton, N. J. 
(Industrial Tape Corp.) 

PROHASKA, JOHN O., 193 Via Dolorosa, San 
Lorenzo Village, Calif. 

PROSKAUER, ERIC S., 250 Fifth Ave., New York 

PROTHEROE, H. P., 709 Wellesley Ave., Akron 3, 
Ohio (Goodyear Tire & Rubber Co.) 

PRUTTON, C. F., 3908 N. Charles St., Baltimore 18, 
Md. (Mathieson Chem. Corp.) 

PRYOR, H. P., 17 Laramie Road, Plainfield, N. J. 

*PUTNAM, H. J., 158 Crescent Dr., Akron, Ohio 
(Midwest Rubber Reclaiming Co.) 


Q 


QUASEBARTH, K. H., R.F.D. 1, 
(Rubber Corp. of America) 
QUINN, KENNETH F., 44 Hart 

Pennsylvania 


Hicksville, N. Y. 


Street, Hatboro, 


R 


RADCLIFF, ROBERT R., 23 Chestnut 
Woodstown, N. J. (DuPont Co.) 
RADI, LINO JOSEPH, 181 Mercer St., Bldg. 19, 
Apt. 5A, Somerville, N. J. (R-B-H-Dispersions 
Div. Interchemical Corp.) 

RADOW, ROBERT S., 140 Foxridge, Dayton, Ohio 
(Dayton Rubber Co.) 

RAILSBACK, HENRY E., 1406 Phillips Ave., 
Phillips, Texas (Phillips Petroleum Co.) 

*RAISTRICK, STANLEY, 197-20 G Peck Avenue, 
Flushing, Long Island, N. Y. (British Anchor 
Chemical Corp.) 

RAMGA, ELMER L., 4612 Plaza Drive, Fort Wayne, 
Indiana (United States Rubber Co.) 

RAMSAY, JOHN, ¢.o Miner Rubber Co., Granby, 
P. Q., Canada 

RAMSEY, THOMAS D., Glenbrook Gardens, Apt. 
1-E, Naugatuck, Conn. (Naugatuck Chemical Div. 
United States Rubber Co.) 

RANDALL, R. L., c 0 Midwest Rubber Reclaiming 
Co., East St. Louis, Il. 

RANKIN, JAMES J., 149 Taylor 
Pa. (St. Joseph Lead Co.) 

RAPP, JULIUS, 111 So. 76th Rd., Forest Hills, 
NYC., N. Y. (Stein, Hall & Co., Inc.) 

RAUSELL, A. F., 1307 Allerton Ave., S. E., Grand 
Rapids 6, Mich. (Corduroy Rubber Co.) 
RAY. HOMER M., 304 5th St., P. O. Box 116, 
Madison Hts., Va. (Slocum Chemical Co.) 
*REA, W. S., 197 - 20 B, Peck Avenue, Flushing, 
L. I... New York «United Carbon Co., Ine.) 
READ, BARCLAY K., 4201 Mass. Ave., N. W., 
Washington, D. C. (Shell Chemical Corp.) 
*READ, MERWIN F., Half Moon Lake, Pinckney, 
Michigan (Goshen Rubber Co., Inc.) 

REAHARD, DANIEL, JR., 487 N. Huntington St., 
Wabash, Indiana (General Tire & Rubber Co.) 

REECE, W. H., The Leyland & Birmingham Rubber 
Co., Ltd., Leyland near Preston, Eng. (Chief 
Chemist) 

REED, MARION C., 918 Boulevard, Westfield, N. J. 
(Bakelite Company) 

REED, R. F., Lithographic Technical Foundation, 
1400 Prairie Avenue, Chicago 16, Illinois 

*REEVES, LUTHER W., 2127 Stabler Road, Akron, 
Ohio «General Tire & Rubber Co.) 

REHNER, JOHN, JR., 200 Linden Avenue, Westfield, 
N. J. ‘Standard Oil Develop. Co.) 


Drive, 


Avenue, Beaver, 
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REICH, CHARLES F., JR., 341 Cherry Street, 
Naugatuck, Conn. (Naugatuck Chem. Co.) 
REICH, MURRAY H., 1065 Dover Avenue, Akron, 
Ohio 

REID, HERBERT J., 631 Twickenham Road, Custis 
Woods, Glenside, Pa. (U. S. Rubber Company) 

REID, ROBERT J., Canal Fulton, Ohio (Firestone 
Tire & Rubber Co.) 

REID, W. M., 463 Voorhees Avenue, Buffalo 16, New 
York (Dunlop Tire & Rubber Corp.) 

REINBOLD, EMMETT B., 720 W. Church St., 
Newark, Ohio (General Tire & Rubber Co.) 

REINHARDT, HENRY A., 129 Longview Drive, 
Longmeadow, Mass. (Bigelow-Sanford Carpet 
Co., Ine.) 

REINSMITH, GERALD, 905 Marshall Street, . Falls 
Church, Va. (Army Ordnance) 

REISMAN, ARNOLD, 414 West 
York 27, New York 

REMBERT, RUSSELL S., 10400 Strait Lane, Dallas 
9, Texas 

REMINGTON, WILLIAM R., 311 Forest 
Wilmington 4, Delaware (DuPont Co.) 

RENAUD, BRUCE J., 3450 Chicago Blvd., Detroit 6, 
Michigan «(U. S. Rubber Co.) 

RENTE, A. M., 4126 Bishop, Detroit 24, Michigan 
(U. S. Rubber Co.) 

REUTERN, ERIC, Hillcrest Drive, R. D. 6, 
Marietta, Ohio (B. F. Goodrich Co.) 

REYMOND, G., ¢/o Manufactura Nacional de Bor- 
racha, Lousado, Famalicao, Portugal 

*REYNOLDS, CHARLES E., 7 Shirley 
Wellesby, Mass. (The Odell Company) 

REYNOLDS, JAMES A., 142 Quinn Street, Nauga- 
tuck, Conn. (U. S. Rubber Co.) 

REYNOLDS, WILLIAM B., Box 338, 
Oklahoma (Phillips Petroleum Co.) 


121st Street, New 


Drive, 


Road, 


Bartlesville, 


REZNEK, S., 24 Springhaven Rd., Wheeling, W. Va. 
(Cook-Waite Labs., Inc.) 

REZNICEK, A. F., 2347 Santa Anita Ave., Altadena, 
Calif. (Rubber Products Engrg.) 


RHEE, DANIEL, Rhee Elastic Thread Corp., 130 
Franklin Street, Warren, R. 

RHINES, C. E., 169 Forest Road, Glen Rock, N. J. 
(U. S. Rubber Co.) 

RHOADES, WALTER F., 1064 Viela Court, Lafayett, 
Calif. (Pac. Pt. & Varnish Co.) 

RHODES, LOUIS E., 4007 Arnell Road, Toledo 6, 
Ohio (Roberts Voledo Rubber Co.) 

*RHODES, T. J., 122 Beverly Hill Rd., Clifton, N. J. 
(U. S. Rubber Co.) 

RHOTON, A. L., 637 Devon Road, Moorestown, N. J. 
(American Anode) 

RICE, HARLAN M., 9515 Chippewa Rd., Brecksville, 
Ohio (Goodyear Tire & Rubber Co.) 

RICE, IRWIN S., JR., 921 Ray Avenue, Union, N. J. 
(Std. Oil Develop. Co.) 

RICHARDS, J. C., JR., Baldwin Rd., Box 91, Solon, 
Ohio (B. F. Goodrich Co.) 

*RICHARDSON, W. B., 34 Converse Avenue, 
Newton, Mass. (American Mineral Spirits) 

RICHMOND, HENRY B., JR., 6243 26th 
North, Arlington, Va. (RFC) 

RIDEOUT. F. A., 89 Page Road, 
(Bakelite Corp.) 

RIDENOUR, W. L., 375 Campus Dr., Apt. 1, 
Snyder 21, New York 

RINES, JACK H., & Ferncliff Terrace, Short Hills, 
N. J. (Pioneer Latex & Chem. Co.) 

RINNE, WALTER W., 5705 Colorado Ave., N. W., 
Washington 11, D. C. (Office of Rubber Reserve) 

*RISHOR, GEORGE, Canadian General Electric Co., 
Peterborough, Ont., Canada 


Road, 


Needham, Mass. 


RITCHIE, CLARENCE A., 528 So. Hawkins Avenue, 
Akron 20, Ohio (B. F. Goodrich Co.) 

RITZERT, RAYMOND K., 1405 Rosedale. Dr., 
Dayton 6, Ohio (Dayton Rubber Co.) 

ROACH, PAUL G., 8 Highland Street, Cranston 9, 
R. I. «U. S. Rubber Co.) 

ROBBINS, EDWARD H., 170 Mercer Street, Somer- 
ville, N. J. (Pioneer Latex & Chem. Co.) 
ROBERTS, ALVIN V., 326 Seneca Avenue, Mt. 
Vernon, New York (Ross & Roberts Sales Co., 

Inc.) 
“ROBERTS, EDWARD B., 16 Allston Street, 
Newtonville, Mass. (Hood Rubber Company) 
ROBERTS, J. B., JR., 2208 Lakeshire Dr., RFD 1, 
Birmingham, Michigan (U. S. Rubber Co.) 
ROBERTS, ROBERT, 1200 Prospect Avenue, 
Toledo 6, Ohio (Roberts Toledo Rubber Co.) 
ROBERTS, WINSTON J., 85 Westgay Dr., Apt. B, 
Akron, Ohio (Goodyear Tire & Rubber Co.) 
ROBERTSON, J. A., c/o The North British Rubber 
Co., Ltd., Castle Mills, Edinburgh 3, Scotland 

ROBINETTE, HILLARY, JR., 1007 Remington Road, 
Philadelphia 31, Pa. (Amalgamated Chemical 
Corp.) 

ROBISON, S. B., Standard Oil 
P. O. Box 51, Linden, N. J. 
ROBITAILLE. RALPH B., 371 Kenilworth 
Akron, Ohio (Phillips Chemical Co.) 

ROCKOFF, JOSEPH, 1563 No. Euclid Avenue, 
Dayton 6, Ohio (The Dayton Rubber Co.) 

RODERICK, FRANCIS J., Box 163, Carlisle, Mass. 
(Simplex Wire & Cable Co.) 

ROE, CHARLES P., 62 Newman Avenue, Nutley 10, 
J. 


iN. 


Dovelopment Co., 


Drive, 


ROEBUCK, ROBERT L., 208 College Strect, Ashland, 
Ohio (Faultless Rubber Co.) 

ROESER, GERALD P., P. O. Box 133, Fallsington, 
Pa. (Consultant) 

ROGERS, HOWARD V., 249 Highland 
Ashland, Ohio (Faultless Rubber Co.) 

ROGERS, LOUIS F., 508 Brighton Road, North Hills, 
Wilmington, Delaware (Bond Crown & Cork Co.) 

"ROGERS, PAUL I., 85-65 113th Street, Richmond 
Hill 18, N. Y. (Gotham Aseptic Lab. Co., Ime.) 

ROGERS, THOMAS H., JR., 532 Vinita Avenue, 
Akron 20, Ohio (Goodyear Tire & Rubber Co.) 

ROMBAUER, H. O., 2638 Tennessee, St. Louis 18, 
Missouri (Cupples Company) 

RUMICK, KENNETH M., 827 Weber Avenue, Akron 
3, Ohio «Rempel Mfg., Ine.) 

RONGONE, RONALD L., 1933 19th Street, Cuyahoga 
Falls, Ohio (Goodyear Aircraft) 
RONSEN, GUSTAV A., 852 Eastwood 
Melrose Park, Illinois (Whitehead 
Co.) 
ROOP. C. 

Mass. 
ROOT, BENNETT W., 6600 E. 
Michigan 
ROQUEMORE, G. F., 1491 Essex Road, Columbus 12, 
Ohio (Midcontinent Chem. Co.) 
ROSE, HAROLD J., 3124 Wyoming Street, 
Rouge, La. (Esso Standard Oil Co.) 
ROSENER, ALFRED L., JR., 12 Lincoln Court, 
Trenton, New Jersey (John A. Roeblings’ Sons 
Co.) 

ROSENER, HARRY B., 29 Lawn Avenue, 
Middletown, Conn. (Middletown Rubber Corp.) 

*ROSE, HENRY M., c/o H. Muehlstein & Co., Inc., 
Akron 5, Ohio 

ROSS, ARTHUR I., 1129 Beacon Street, 
Mass. (American Biltrite Rubber Co.) 

ROSS, ARTHUR M., JR., 190 Mountain View Ter- 
race, Hamden, Conn. (Ross & Roberts, Inc.) 


Avenue, 


Avenue, 


Bros. Rubber 
WARD, 224 Upland Road, Cambridge 40, 


Jefferson, Detroit 32, 


Baton 


Brookline, 
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ROSS, JACK S., 19435 Stoepel, Detroit 21, 
ROSS MARSHALL W., Barstow, 
Mass. (Acushnet Process Co.) 
ROSSMAN, R. P., 1331 No. Russell, 
(Cabot Carbon Company)! 
ROSTLER, F. §S 400 
Calif 


Michigan 
Mattaywisett, 


Pampa, Texas 


Cedar Street, Bakersfield, 
(Golden Bear Oil Co.) 

ROSTLER, KATHLEEN S. (Mrs.) 400 Cedar Street, 
Bakersfield, Calif. «+The Rubber Formulary) 
ROTH, FRANK L., R. F. D. 1, Rockville, Md. 

(National Bureau of Standards) 
ROTH, HAROLD E., 259 Hedgewood Dr., Box s76-A, 
R. BD. 16, Akron 19, Ohio 
ROTHERMEL, E. M., 305 Haywood Street, 
ville. (Dayton Rubber Co.) 
ROURK, JOSEPH D., 73 Fairlawn Street, Ho-Ho-Kus, 
N. J. (U. S. Rubber Co.) 
ROUTH, JAMES W., ¢ 0 Silas Mason Co., Box 561, 
surlington, Iowa 
ROVITO. FRANCIS X., 1671 Street, 
14, N. Y. (Congoleum-Nairn, Inc.) 
ROWE. WALTER Westway Drive, 
Ohio (Firestone Tire & Rubber Co.) 
ROWLAND, DONALD G 1522 
Haven, Conn. (Sponge Rubber 
ROWLAND, G. M., 1927 Burrough 
Ohio iInland Mfg. Co.) 
ROWLAND, J. WALLACE, 
nue Easton, Pa. (Victor 
Belting) 
ROW LEY 


mont 


Waynes- 


Brooklyn 
Akron, 


Boul -vard, New 
Products Co.) 


Drive, Dayton 6, 
JR., 901 Fairfield Ave- 
Balata & Textile 


ARTHUR C., 40 Hawley Avenue, 
Conn. (General Electric Co.) 


ROW BE. R., c/o Polymer 


Wood- 


Corp., Ltd., Sarnia, 


Ontario, Canada 


*ROYAL. H. M., 689 Pennington 


Avenues, Trenton, 


N. J. (H. M 
MARKUS 


Royal, Ine.) 
45 Chase Avenue, Providence 6, 
PRUIDGE, C. R.. 515 Highland Avenue, 
Montelair, N. J. «U. S. Rubber Co.) 
RUBINER, ISIDORE, 153) No 

N. J (Metal Hose & Tubing Co.) 
RUBLE, T. A., 1512 So. Travis, 
RUCH, ELDEN H., 1855 So. Rainbow 

Memphis, Tenn. (Firestone Tire & 
RUCKER, H. L., 1413 Martine 

N. J. iJohns-Manvilles 
RUDE ROY E., 4004 Fayen Drive., Des Moines, Iowa 

(Armstrony Rubber Co.) 

RUDKO, WILLIAM, 5719 HMC S8t., Apt. 14, 

Houston, Texas 
RUEBENSAAL, CLAYTON F 

Middlebury, Conn (U. S. Rubber Co.) 
*RUESE, PAUL W.. Hamilton Road, 

Ohio +Goodyear Tire & Rubber Co.) 
RUFFELL, J. F.. ¢ © Durham Raw Materials Ltd., 

1-4 Great Tower Street, London E. C. 3, England 
RUGG, JOHN S.. 1061 So. Garfield St., 

Colorado (Gates Rubber Co.) 
RUPERT, FRANK F., 2885) Broadway 

Pittsburgh 13, Pa. «Mellon Institute) 
RUSSELL, JOHN R., 

Ohio 
RUSSELL, WILLIAM 1 ‘ 

Conn. Vanderbilt Co.) 

RYAN, ALBERT O., 297 Walnut Street. Mancheste 

N. H. (Latex Processing, Ine 
RYDEN, L. L., 21 Norwich Court, Midland, Michigan 

‘(Dow Chemical Co.) 

*RYDER. RAYMOND, 6% Grove Street, Brooklyn 21, 


Upper 
Sussex St., Dover 
Amarillo, Texas 
Drive, 


Rubber Co.) 


Avenue, Plainfield, 


White Avenue, 


Wapakoneta, 


Denver 


Avenue, 


129 The Brooklands, Akron 5, 


Brush Street, Norwalk, 


SACKETT, GEORGE A., 101 Kenilworth Drive, 
Akron 3, Ohio (Goodyear Tire & Rubber Co.) 
SALEM, SAMUEL, Akron, Ohio (The General Tire 

& Rubber Co.) 

SALISBURY, THOMAS E., R. D. 4, 
19, Ohio 

SALOMAN, HAROLD B., 33 East Avenue, Norwalk, 
Connecticut (R. T. Vanderbilt Co.) 

SALYERDS, ROBERT J., Pennington-Hopewell 
Road, Pennington, N. J. (Harwick Standard 
Chem. Co.) 

SAMUELS, MARTIN E., 732 Franklin Street, Baton 
fouve 6, La. (Copolymer Corporation) 

SANDERS, CHARLES E., 33 Melrose Avenue, 
Needham, Mass. iThe Granet Corp.) 

SANDERSON, CLIFFORD W., R. D. No. 3, Hudson, 
Ohio 

SANFORD, JAMES A., 2801 Fulton Street. Berkeley, 
California «The American Rubber Mfg. Co.) 

SANGER, MERLE J., 270 Sundale Road, Akron 2, 
Ohio (General Tire & Rubber Co.) 

SARBACH, DONALI) V., 2926 Hudson Drive, Cuya- 
hoga Falls, Ohio «(B. F. Goodrich Company) 
SARGENT, GEORGE W., Collins Road, Northboro, 

Mass. ‘American Steel & Wire Co.) 

SAULINO, ANTHONY J., 12040 Kilbourne, Detroit * 
5, Michigan (U. S. Rubber Co.) 
SAUNDERS, S. G., Chrysler Corp., P. O. 

Detroit 31, Michigan 

SAUSER, D. E., *2 Glenwood Road, Ridgewood, N. J. 
(B. F. Goodrich Company) 

SAVAGE, RUSSELL H., “‘Aranby,” 
‘The Mead Corporation) 

SAWYER. RUSSELL E., 97 Winfield Street, East 
Norwalk, Conn. (R. T. Vanderbilt Co., Inc.) 

SAYKO, ANDREW F., 430 Edgar Road, Westfield, 


Box 827, Akron 


Box 1259, 


Chillicothe, Ohio 


SAYWELL, LAWRENCE G., 512 Parrott Drive, San 
Mateo. California (Saywell Associates) 
SCALA, EUGENE A., 16554 Washburn Ave., Detroit 
21, Michigan «(U. S. Rubber Co.) 
S<CARBROUGH, ABB L., 444 Seminary Avenue, 
Rahway, N. J. (National Leaa Co.) 
"ELLEN, J. A., Rte. 23, Smith Mills, P. O. Box 
243, Butler, N. J. (Pequanoe Rubber Co.) 
‘“HADE, JAMES W., 2072 Ayers Avenue, 
13, Ohio (Govn. Labs., Univ. of Akron) 
‘HAEFER, WILLIAM E., 1722 Lawrence Ave., 
Indianapolis 27, Ind. (U. S. Rubber Company) 
"HAFER, IRA M., 555 West 173rd St... New York 
City 32, N. Y. (Stein Hall & Co.) 
‘HAFFNER, IRWIN J., 116 Manhattan 
Waldwick, N. J. (U. S. Rubber Co.) 
‘HAFFNIT, CHARLES T.. JR., 170 East 
Street, Somerville, N. J. (Johns-Manville 
Research) 
‘HANTZ, J. M., 214 Edgewood Drive, Wilmington 
274, Dela. «Hercules Powder Co.) 
‘HATZEL., R. A., 1101 No. George St., Rome, New 
York (Rome Cable Corp.) 
‘HECHTMAN, MARTIN L., 132 Murray Avenue, 
New Market, N. J. (Industrial Tape Corp.) 
‘HFLL, CHARLES F.. 48 Ash Street, Braintree S4, 
Mass. (Armstrong Cork Co.) 
‘HEUERMANN, WM. C., 4614 No. Paulina, 
Chicavo 40, Hlinois (Chicago Rawhide Mfg. Co.) 
‘HIDROWITZ, PHILLIP, *2 Haven 
Faling, London W. 5, England 
‘HILD, REED, 72 Chester 
Ohio (Seiberling Rubber Co.) 
“HMELZLE, AMBROSE F., 1362 Stanford Avenue, 
St. Paul 5, Minn. (Minn. Mining & Mfg. Co.) 
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SCHMIDT, ERNST, 256 No. Pershing Ave., Akron 


13, Ohio (Firestone Tire & Rubber Co.) 
*SCHMIDT, ERNEST C., 20 Barth Drive, Baldwin 
Y 


SCHMIDT, RICHARD S. G., 14 Simmons Road, East 
Hartford, Conn. (Hamilton Standard) 

SCHMITZ, CARL E., 1612 Touhy, Park Ridge, Ill. 
(Crane Packing Company) 

SCHNEIDER, A. DAVID, 350 - 5th Ave., Rm. 4701, 
New York 1, New York (Darlington Corp.) 

SCHNEIDER, RICHARD E., R. D. 1, Box 538, 
Barberton, Ohio (Govn. Labs., Univ. of Akron) 

SCHNUELLE, LEONARD. W., 367 Phyllis Avenue, 
Buffalo, New York (Hewitt-Robins, Inc.) 

SCHOENE, D. L., Morris Road, Woodbrige, 
(Naugatuck Chem. Div.) 

SCHOLLENBERGER, CHARLES S., 2483 - 15th 
Street, Cuyahoga Falls, Ohio (B. F. Goodrich 
Co.) 

SCHORR, A. J., 51 Quintard Avenue, So. 
Conn. (R. J. Vanderbilt Co.) 

SCHREIBER, R. PAUL, 804 Beech Street, 
Michigan (Dow Corning Corp.) 

SCHROCK, ROBERT W., Killian Road, Box 20s, 
R. D. 1, Uniontown, Ohio (Goodyear Tire & 
Rubber Co.) 

SCHROEDER, CHARLES H., 1137 Greenvale Avenue, 
Akron 3, Ohio (B. F. Goodrich Co.) 

SCHROYER, L. O., 1652 Manchester Rd., Akron 14, 
Ohio (B. F. Goodrich Co.) 

SCHULER, DONALD E., 493 Glenwood 
Buffalo S, New York (Dunlop Tire 
Corp.) 

*SCHULMAN, A., A. Schulman, 
Tallmadge Ave., Akron, Ohio 

SCHULTZ, C. H., 3702 Marmon Avenue, Baltimore 
7, Maryland (F. G. Sechenuit Rubber Co.) 

*SCHULTZ, H. H., 18111 Wildemere Ave., 
21, Michigan (St. Clair Rubber Co.) 

*SCHULZ, C. ROBERT, 197 Sands Place, Stratford, 
Conn. (Nichols Engineering) 

SCHULZE, WALTER A., 1415 Valley Road, Bartles- 
ville, Oklahoma (Phillips Petroleum Co.) 
SCHUTZ, JOSEPH M., 624 Lakemont Avenue, Akron 

7, Ohio ‘Firestone Tire & Rubber Co.) 
SCHWARTZ, EMIL W., 345 Lake Avenue, 
port, Conn. (Southern Clays, Inc.) 

SCHWARTZ, HAROLD G., 22 Lincoln Avenue, 
Woodstown, New Jersey (Du Pont) 
SCHWARTZ, PHILLIP, 739 Belmont Avenue, 
Chicago 14, Illinois (Rapid Roller Co.) 
SCHWARZ, HERBERT F., 605 Areyle Avenue, Floss- 
moor, Illinois (Sherwin-Williams Co.) 
SCHWELLER, HAROLD 740 
nue, Dayton 10, Ohio 
SCOFIELD, ROBERT L., 71 No. Pershing 
Akron 13, Ohio (B. F. Goodrich Co.) 
SCOTT, DAVID C., JR., 257 Olney Street, 
idence, R. I. (Seott Testers, Inc.) 
*SCOTT, E. REILLY, Box 262, Austell, Georgia 
SCOTT, WALTER, 3412 Baring St., Philadelphia 4, 
Pa. 

SCOTT, W. D., Monsanto Chemicals Ltd., S Waterloo 
Place, London S. W. 1, England -- 
SCRENOCK, JOSEPH J., Harding St.. R. 

Somerville, N. J. (Industrial Tape Corp.) 
SEAMAN, ROBERT G., 99 Park Avenue, Baldwin, 
N. Y. (India Rubber World) 
SEARFOSS, WILLIAM HARRY, 121 Waverly Place, 
Trenton, N. J. (Thermoid Co.) 
SEARS, DANIEL SCOTT, 407 Hayes Avenue, Cuya- 
hoga Falls, Ohio (B. F. Goodrich Co.) 
SECHRIST, WARREN D., 29 High 
N. J. (Pequanoe Rubber Co.) 
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Norwalk, 
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Avenue, 
& Rubber 
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Bridge- 
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Ave., 
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SEEGER, NELSON V., 2112 - 15th Street, Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 

SEGER, RALPH L., JR., 11201 Beacons Field, 
Detroit 24, Michigan (U. S. Rubber Co.) 

SEGUIN, JOHN P., 34 Seaview Ave., 
Swansea, Mass. ‘Xylos Rubber Co.) 

SEIGLE, H. W., 220 E. Bristol St., Elkhart, Ind. 
(Elkhart Rubber Works) 

SELBY, HAROLD E., 619 - 68th Street, 
N. Y. (Bishop Mfg. Corp.) 

SELKER, MILTON L., 3175 Morley Rd., 
Hts. 22, Ohio (Kahn Company) 

SELL, HAROLD S., - 19th Street, Cuyahoga 
Falls, Ohio (Goodyear Tire & Rubber Co.) 
SELLERS, HARRY M., 13 E. Brown Street, Norris- 

town, Pa. (Lee Rubber & Tire Corp.) 

SEMON, WALDO L., 2990 Millboro Rd., Silver Lake, 
Cuyahoga Falls, Ohio (B. F. Goodrich Co.) 
SEREQUE, ARTHUR F., 24 Chestnut Street, Shelton, 
Conn. (The Sponge Rubber Products Co.) 
SERNIUK, GEORGE E., 502 Thompson Ave., Roselle, 

New Jersey (Std. Oil Devel. Co.) 
SERVAIS, P. C., 36 Lexington Court, 
Michigan (Dow Corning Corp.) 

SEYMOUR, RAYMOND B., 105 Spruce St., 
Emmaus, Pennsylvania (Atlas Mineral Prod. Go.) 
SHAPIRO, MARVIN, 551 West 170th St., New York 
32, New York (Kleen-Stik Prod., Inc.) 
SHARPE, PAUL D., 102-36 64th Ave., Forest Hills, 
L. L, N. Y. (Socony-Vacuum Qil Co.) 
SHATTUCK, ROBERT, 605 
Indiana (Marbon Corp.) 
SHAVER, RICHARD C., 654 Ranney Street, Akgon 
10, Ohio 
SHAW, LAURENCE C., 17 Cherry Street, Brockton, 
Mass. (Chief Chem.) 
SHAY, JOHN L., 382 
Mass. (Union Bay State Chem. Co.) 
SHEARER, ROSS, 805 Crestview 
Ohio (B. F. Goodrich Co.) 
SHEEHAN, EUGENE H., 42 High Street, Andover, 
Mass. (Tyer Rubber Co.) 

SHEIE, ROBERT S., 379 Nealdow Ave., Staten 
Island 14, N. Y. (Socony-Vacuum Oil Co.) 
SHELTON, J. REID, 943 Greyton Road, Cleveland 6, 

Ohio (Case Institute of Technology) 
SHEPARD, ALVIN F., 41 Southwood Drive, 
more 17, New York (Durez Plastics & 
Ine.) 
SHEPARD, MORRIS G., 220 Mount Vernon Avenue, 
Waterbury 8, Conn. (Naugatuck Chemical Co.) 
SHEPARD, NORMAN A., Hunting Ridge Road, 
Stamford, Conn. (Amer. Cyanamid Company) 
SHEPLEY, B. H., JR., 3401 Hunt- 
ington Park, Calif. Rubber 
Co.) 
SHEPPARD, 
Whittier, 
Co.) 
SHEPPARD, J. R., 35 Ocean Road, Great Kills, 
Staten Island, N. Y. (Columbian Carbon Co.) 
SHEPPARD, PAUL L., 6717 33rd Street, 
Illinois (Armour Chemical Div.) 
SHERIDAN, WM. R., 56 Kinsey Avenue, 
17, New York (Bell Aircraft Corp.) 
SHERMAN, DAVID A., 307 So. Seminole Cr., Fort 
Wayne, Indiana (U. S. Rubber Co.) 
SHERWOOD, NEIL H., 223 Moore Road, Avon Lake, 
Ohio 
SHINKLE, SEAPHES D., 317 Lafayette Ave., 
Passaic, New Jersey (U. S. Rubber Co.) 
SHIRK, D. A., ¢ o Rare Metal Products Co., Atglen, 
Pennsylvania (Rare Metal Products Co.) 
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SHIRES, MR., Technical Literature Section, Dunlop 
Rubber Co., Ltd., Fort Dunlop, Birmingham 24, 
Great Britain 

SHOLTIS, GEORGE E., 369 Cypress Avenue, Akron 
1, Ohio (Goodyear Tire & Rubber Co.) 

SHOMOCK, J. J.. 922 E. Riddle, 
(Pyramid Rubber Co.) 

SHORB, LURA, 709 No. Broom Street, Wilmington, 
Delaware (Hercules Powder Co.) 

*SHORE, A. BERNARD, 96 Lake 
58, Mass. (Bonded System) 

SHOWALTER, ROBERT L., 21451 
19, Michiyan 

SHRIVER, GEORGE EDWARD, 109 Vreeland Ave., 
Nutley, New Jersey 

SHRONTZ, JOHN W., 455 Auburndale Ave., 
3, Ohio (Harwick Std. Chem. Co.) 

SSHROYER, J. R.. Wilton Acres, Wilton, Connecticut 
‘R. T. Vanderbilt Co., Inc.) 

*BIBIRIAKOFF, ¢ © Soefin Co., 
330, Kuala Lumpur, Malaya 

SIBLEY. R. L.. © Monsanto Chemical Co., Rubbe: 
Service Div., Nitro, W. Va. 

SICK PAUL J., Hewitt-Robirs, Inc., 
York 

SIDDALL, DON F., Rolling Acres, 
Ohio (U. S. Stoneware Co.) 

SIDNELL, A. E.,. 619 Roslyn Avenue, 
Ohio (Seiberling Latex Prod. Co.) 

SIEGFRIFD, VICTOR, American Steel & Wire Co., 
Worcester 7, Mass. 

SIGMANN, JOHN A., o R. T. Vanderbilt Co., 
33 Winfield St., E. Norwalk, Conn. 

SILVER, ALBERT S., 133 
dence, R. 1, tRoyal Electrie Co., 


Ravenna, Ohio 
Avenue, Newton 
Mahon, Detroit 
Akron 
Ltd., P. O. Box 
Buffalo 5, New 
R. D. Peninsula, 


Akron 24, 


Lexington Ave., Provi- 


Inc.) 
York 


SILVER, BRUCE R., 160 Front Street, New 


(New Jersey Zine Co.) 

SILVER, IRVING, 2502 
Maryland (Naval Ordnance Lab.) 

SIMONS, J. KENSON, 1622 Watova 
Ohio (Plasken Div., L.O.F. Glass 

SIMONSON, A. 382) W. Merrick 
N. Y. «Shell Oi) Co.) 

SIMPSON, ROBERT M., 40 Brucewood Dr., Pitts- 
burgh 28, Pa. ¢(Columbia-Southern Chem. Corp.) 

SIMPSON, WILLIAM J., 19972 Archdale, Detroit 35, 
Michigan (Chrysler Corp.) 

SINCLAIR, JOHN H., 4089 Robinwood Dr., Ft. 
Wayne, Indiana «U. S. Rubber Co.) 

SINDLER, J. J.. 365 Beacon Street, 
(Spir-it, Ine.) 

SINNAMON, ROBERT H., 431 E. 
Philadelphia 34, Pa. 

STITZ. CHARLES E., 1084 Valdes Avenue, 
Ohio 

SIVERSON, E. C., 19 Chapel Road, Kenmore 17, 
New York (Buffalo Weaving & Belting) 

SJOTHUN, IRVIN J., S816 Maywood Avenue, Silve: 
Spring, Md. (RFC) 

SLADE, WINTON L., 828 Rawson Avenue, Fremont, 
Ohio (Fremont Rubber Co.) 

SLATER. STANLEY J., 7537 
Dearborn, Michigan 

*SLATTERY, J. L., 6145 Glade 

Cincinnati, Ohio 


Allison St.. Mt. Rainier, 


. Toledo 14, 


Free port, 


Mass. 


foston, 
Allezheny Ave., 


Akron 20, 


Birvham Avenue, 

Avenue, Mt. Wash- 

ington, (Newport Industries, 
Inc 

SLOAN, ARTHUR W., 4201 Mass. Ave., 
A 331 C, Washington 16, D. C. 
search Corp.) 

SLOAN, EDWARD V., 402 Fernwood Drive, Akron, 
Ohio (Goodyear Tire & Rubber Co.) 

SMALL, AUGUSTUS B., 19387 
Baton Rouge, 


N. W., Apt. 
(Atlantic Re- 


Cherrydale Avenue, 
Louisiana (Esso Std. Oil Co.) 


SMALLWOOD, HUGH M., 163 Vreeland 
Nutley, N. J. (U. S. Rubber Co.) 

SMART, BURTON JR., 1209 Westwood Drive, 
Charleston, W. Va. (United Carbon Co., Inc.) 

SMITH, ARTHUR A., 102 Tobey Street, Providence 
9, R. I. «U. S. Rubber Co.) 

SMITH, A. H., 482 Roslyn, Westmount, P. Q., 
Canada 

SMITH, A. NORMAN, ESQ., 164 Compstall Rd., 
Marple Bridge near Stockport, Cheshire, England 

*SMITH, C. A., The New Jersey Zine Sales Co., Inc., 
938 Nat'l City Bank Bldg., Cleveland 14, Ohio 

SMITH, CHARLES F., JR., 91 McKinley Pkwy., 
Buffalo 20, New York (U. S. Rubber Reclaiming 
Co.) 

SMITH, CHARLES LEA, 2057 Harwitch Rd., 
Columbus 12, Ohio (Battelle Memorial Institute) 

SMITH, C. W., 356 Fisher Rd., Grosse Pte. Farms 30, 
Michigan (U. S. Rubber Co.) 

SMITH, D. HASKELL, 129 St. James Place, Buffalo 
22, New York (Wilsolite Corp.) 

SMITH, FRANK B., 6157 Farmbrook, 
Michigan (U. S. Rubber Company) 

SMITH, FRANK J., Pan American Refining Corp., 
122 E. 42nd Street, New York 17, New York 

SMITH, GEORGE E. P., JR., 125 Morningside Drive, 
Akron 3, Ohio (Firestone Tire & Rubber Co.) 

SMITH, GEORGE WARREN, 4 Inverness Road, 
Winchester, Mass. (DuPont) 

SMITH, HOMER P., 156 Pilgrim Drive, Norwood 7, 
R. I. (U. S. Rubber Co.) 

*SMITH, J. G., 260 St. 
Quebec, Canada 

SMITH, JOHN E., JR., Box 831, Borger, Texas 

SMITH, OMAR H., 1287 Pennington Road, West 
Englewood, N. J. (U. S. Rubber Co.) 

SMITH, RICHARD J., 420 W. Walnut Street, 
Coldwater, Ohio (Goodyear Tire & Rubber Co.) 
SMITH, ROBERT EDWARD, 13-D, East Chestnut 

St.. Bordentown, N. J. 
*SMITH, ROY A., P. O. Box 156, 
(Gro. Cord Rubber Co.) 
SMITH, W. C., Standard Oil Dev. Co., P. O. 
Linden, N. J. 
SMITH, W. C., ESQ., 7 Ogden Road, 
Cheshire, England (Rotunda, Ltd.) 
SMITH, WALTER R., Still River Road, 
Mass. (Godfrey L. Cabot, Inc.) 
SMITH, WARREN W., 170 NW, 144th Street, Miami 
38, Florida 

SMITH, WENDALL V., 276 Rutgers Place, Nutley 
10, New Jersey «U. S. Rubber Company) 

SMITH, WILSON N., 311 Adams Avenue, Cuyahoga 
Falls, Ohio (B. F. Goodrich Co.) 

*SMITHERS, V. L., R. D. 14, Box &2, 
(V. L. Smithers Labs.) 

SMOOK, MALCOLM A., 212 Potomac Road-Fairfax, 
Wilmington, Delaware (DuPont) 

SMYE, GORDON R., c/o Firestone Tire & Rubber 
Co., Beach Road, Hamilton, Ontario, Canada 

SNOW, CARL W., Box 744, Borger, Texas 

SNYDER, B. R., 1455 Glenville Dr., Los Angeles 35, 
Calif. «R. T. Vanderbilt Co.) 

SNYDER, EDWIN G., Ore Street, 
Pa. (New Jersey Zinc of Pa.) 

SNYDER, HAROLD L., 642 Louisiana Street, 
Vallejo, California (Maré Island Naval Shipyard) 

SNYDER, J. W., R. D. 1, Box 817, Rahway, N. J. 
(Binney & Smith Co.) 

SOHON, JULIAN A., 925 Broad Street. Bridgeport 
4, Conn. (Bridgeport Public Library) 

SOLEM, PALMER J., 736-2nd St., East, 
Wisconsin (U. S. Rubber Co.) 
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SOMERVILLE, A. A., c/o R. T. Vanderbilt Co., 
230 Park Avenue, New York, N. Y. 

SOREL, FREDERICK, 7301 No. Sheridan Rd., 
Sheridan Beach Hotel, Chicago 26, Illinois 

SORG, E., co Thiokol Corp., Trenton, N. J 

SOULE, KENNETH J., 384 Oakwood Drive, Wyckoff, 
New Jersey (Manhattan Rubber Div.) 

SPARKS, WM. J., 405 Colonial Avenue, Westfield, 
N. J. 

SPAULDING, DAVID C., 1949 - 7th Street, Cuya- 
hova Falls, Ohio (B. F. Goodrich Co.) 

“SPEEDY, A., co Binney & Smith & Ashby Ltd., 


116 Cannon St., London E. C. 4, England 
SPENCE, DAVID, P. O. Box 209, Pacific Grove, 
California 
SPENCER, FREDERICK R., 19452 Troy Place, 
Detroit 3, Michigan (Detroit Arsenal) 
SPENCER, WALTER B., 9 Plains Road, Hamden, 


Connecticut (Conn. Hard Rubber Co.) 
SPERBERG, LAWRENCE R., 323 Roosevelt, Borger, 
Texas (Larry Motor Co.) 

SPINTI, CARL G. W., 24611 Coolidge Hwy., Detroit 
35, Michigan (U. S. Rubber Co.) 
SPIELMAN, H. R., Witco Chemical Co., 

5ist Street, Chicago 38, Illinois 
SPOKES, R. E., 2010 Devonshire Road, Ann Arbor, 

Michigan (Amer. Brake Shoe Co.) 
SPRAGUE, GEORGE R., Jefferson Street, 

Conn. (Sponge Rubber Products Co.) 
SPRAGUE, WARREN R., JR., International Engin- 


6200 W. 


Shelton, 


eers, Inc., 520 Kishimoto Bldg., No. 18 - 
2-Chome Marunouchi Chiyoda-Ku, Tokyo-To, 
Japan 


SPRING, ERNEST S., 1444 
ham, Michigan 

SPRINGER, FRANKLIN H., 44 Church Street, 
Bristol, R. I. (Davol Rubber Company) 

SPURLIN, HAROLD M., 2704 Duncan Road, Cooper 
Farm, Wilmington, Delaware (Hercules Exper- 
iment Station) 

SQUIRE, THOMAS B., 1847 Verdugo Vista Dr., 
Glendale, Calif. 

STAFFON, ARTHUR H., 185 Spring Street, Arling- 
ton 74, Mass. «Socony-Vacuum Oil Co.) 

STAFFORD, R. A., 354 Col. Hunt Drive, Abington, 
Mass. 

*STAFFORD, W. E., 131 Peel Green 
Manchester (Gt. Britain) 
Co., Ltd.) 

STAMBERGER, PAUL, 70 Strawberry Hill 
Stamford, Conn. (Technical Consultant) 

STANCZAK, FRANK J., 619 W. Wilkes-Barre St., 
Easton, Penna. (A. N. P. A.) 

STANDLEY, GEORGE P., 19850 Laurel Avenue, 
Rocky River, (Cleveland 16) Ohio (Industrial 
Rayon Corp.) 

STANGOR, EMBERT L., 149 Wichita Place, Akron, 
Ohio (DuPont) 

STANTEN, GEORGE B., JR., 310 
18, N. Y. 

*STANTON, MR., I. E. Dept. Messrs. Dunlop S. A., 
Ltd., Sydney Road, Durban Natal, South Africa 

STARCHER, WILLIAM L., 2855 Kent Road, Silver 
Lake Village, Cuyahoga Falls, Ohio 

STARKF, JOSEPH C., 1825 Linden Avenue, 
awaka, Indiana 

*STARKIE, THOMAS J., 450 East 63rd St., 
York 21, N. Y. (Witeo Chemical Co.) 

STAVELY, F. W., 208 Overwood Road, Akron, Ohio 
(Firestone Tire & Rubber Co.) 

STEARNS, RICHARD S., 75 No. Portage Path, 


Bird Avenue, Birming- 


Road, Eccles, 
(Rubber Regenerating 


Ave., 


Windsor Place, 


Mish- 


New 


Akron, Ohio (Firestone Tire & Rubber Co.) 
*STEIN, ALFRED, 327 S. Lasalle Street, Chicago 4, 
Illinois 


STEIN, SIDNEY J., 1336 Kerper Street, Philadelphia 
24, Pa. (Int'l Resistance Co.) 

*STEINBACH, G. R., 706 W. Roses Rd., San Gabriel, 
California (Merit Western Company) 
STEINLE, W. A., 10096 Britain, Detroit 24, 

i Rubber Co.) 


Mich- 

igan (U. S. 

STEITZ, FRANK P., 
Corp.) 

STELLER, ROGER L., 15 Tacoma Street, Hyde Park, 
Mass. (B. F. Goodrich Chemical Co.) 

STEMPEL, GUIDO H., JR., 1330 Ruth Avenue, 
Cuyahoga Falls, Ohio (General Tire & Rubber 
Co.) 

STEPHENS, H. N., 
St. Paul, Minn. 

STERRETT. ROBERT R., 8&9 Prospect St., Little 
Falls, N. Y. (Naugatuck Chemical Co.) 

STEVENS, FRANCES, 1805 So. Main Street, Akron 
19, Ohio (Firestone Tire & Rubber Co.) 

STEVENS, HARRY N., 9155 Highland Drive, 
Brecksville, Ohio (B. F. Goodrich Co.) 

STEVENS, H. P.. Suffolk, 
England 

STEVENS, K. W., 15 Morgan Road, Sandusky, 
Michigan (Yale Rubber Mfg. Co.) 

STEVENS, MAURICE K., 548 Chilton Street, Eliza- 
beth 3, N. J. (A. W. Faber Castell Pencil Co., 
Ine.) 

STEVENS, T. L., 287 Overwood Road, Akron, Ohio 
(Cc. P. Hall Co.) 

STEVENS, WILLIAM B., Silvermine Ave., Norwalk, 
Conn. (Socony-Vacuum Oil Co.) 

STEWART, JACK C., Box 189, New Knoxville, Ohio 
(Goodyear Tire & Rubber Co.) 

STEWART, JAMES C., 116 Ridge Road, Stratford, 
Conn. (R. T. Vanderbilt Co.) 

STEWART, JAMES K., 8228 So. Sangamon §t., 
Chicago 20, Illinois «Sherwin-Williams Co.) 
STICKNEY, PALMER B., 397 King Avenue, Colum- 
bus 1, Ohio (Battelle Memorial Institute) 
STIEHLER, ROBERT D., 3601 
N. W., Washington Ss, D. C. 

Standards) 

STIFF, JOHN F., 1452 Henrietta, 
Michigan (Binney & Smith Co.) 

*STIGENT, S. AUSTIN, ESQ., c/o Messrs. Johngon 
& Phillips Ltd., Vietors Way, Charlton, S. E., 
London, England 

STIVERS, D. ALWYN, 169 Hillier Avenue, 
10, Ohio (Goodyear Tire & Rubber Co.) 

STOCK, R. P., 2218 - 15th Street, Cuyahoga Falls, 
Ohio (B. F. Goodrich Co.) 

STOECKEL, C. A., 302 Cory’s Lane, 
R. I. (Firestone Industrial Products) 

STONER, JOHN D., 30 Elm Hill, Hillsdale, Mieh- 
igan (Monroe Auto Equipment Co.) 

STOOPS, W. N., 364 Fairview Drive, Charleston 2, 
W. Va. (Carbide & Carbon Chem. Co.) 

*STOTT, JAMES, 216 Grove Street, Fall River, Mass. 
(Firestone Industrial Products) 

STOUGHTON, ROY L., 14 Myrtle Street, East 
Norwalk, Conn. (R. T. Vanderbilt Co., Ine.) 
STOVER, ALBERT M., R.F.D. 1, 
(Naugatuck Chemical Div.) 
STRAGA, DIANA M., 389 East Tuscarawas Ave., 
Barberton, Ohio (Firestone Tire & Rubber Co.) 
STRAIN, FRANKLIN, 639 Hillerest Drive, Barber- 
ton, Ohio (Columbia-Southern Chem. Corp.) 
STRANG, JACK D., 52 Beck Avenue, Akron, Ohio 
STRAUBEL, DUDLEY F., P. O. Box &s, Rowley, 

Mass. (McMillan Lab., Inc.) 

STREET, JOHN N., 549 Avalon Avenue, Akron 20, 

Ohio (Firestone Tire & Rubber Co.) 


Borger, Texas (J. M. Huber 


Minnesota Mining & Mfg. Co., 


Redisham Beccles, 
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Bureau of 


Connecticut 
(Nat'l 
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STUDEBAKER, 


Harris 


STRIKER, ALBERT M., JR., 


Cohoes, N. 

STRINGFIELD, RAYMOND B, 229 S. Normandie 
Ave., Los Angeles, Calif. (Fullerton Mfg. Co.) 

STRITTER, EDWARD E., 4*6 North Avenue, 
Weston 93, Mass. (Boston Woven Hose Co.) 

"STROM. B. J., P. O. Box 395, GWELO, So 
Rhodesia, Africa (Rhodesian Bata Shoe Co., Ltd.) 

STROMBERG, ROBERT R., 5604 Chillun Hts. Drive, 
Hyattsville, Md. «Nat'l Bureau of Standards) 

STRONG, HUGH V., P. O. Box 75, Waterford, Pa. 
(Lord Mfg. Co.) 

STRUBE, EDWARD C., 43 East 
Pennington, N. J. 
Cable Co.) 

STUBBLEBINE, WARREN, 201 
Hamden 14, Conn. 

STUBENVOLL, KURT H., 412 
Claire, Wiscorsin 

MERTON L., 1660 20th Street, 
Cuyahova Falls, Ohio ‘Phillips Chemical Co.) 

STULL, ASHWORTH N., 22 Summit Avenue, Salem, 
Mass: ‘American Resinous Chem. Corp.) 

STUMPE, NELSON A., JR., 104 No. McGee Ave nue, 
Borger, Texas (Phillips Petroleum Co.) 

STUPP, ©. G., 5445 Netherland Avenue, Riverdale 
(1, New York (Allied Chemical & Dye Corp.) 
STURDEVANT, EARL G., 124 Hope Street, Bristol, 

R. «U. S. Rubber Co.) 

STUTZ, GEORGE F. A., 422) Edgemont 
Palmerton, Pa. (New Jersey Zine Co.) 

*SUCHER, R. B., 94. N. 
(Marbon Corp.) 

SUDEKUM, R. H., Polychemicals Dept., E. 
de Nemours & Co., Henry Clay. Del. 

SUKOW, DONALD N., 1000 Wooster Rd., W., Bar- 
berton, Ohio (Goodyear Synthetics 

SULIKOWSKI, EDMUND, *919 
Hamtramck 12, Michiyan 

SULLIVAN, DAVID J., 27 E 
Conn. «+DuPont) 

SULLIVAN. ROBERT D., 2367 Geraldine Drive. 
Concord, California (Shell Development Co.) 

SULLIVAN, THEODORE G.. 226 Orange Road, 
Montclair, New Jersey ‘Sinclair & Valentine) 

SUSIE, ALFRED G., 3539 E. 9th 
Indiana (Armour Research Foundation) 

SBUTTON, HARRY W., 15 Clinton Place, Newton 
Center 59. Mass. (Boston Woven Hose & Rubber 


Welling Ave., 
(Crescent Insulated Wire 
Garfield Avenue, 


Hudson Street, Eau 


Avenue, 


Center Street, Seville, Ohio 


I. duPont 


Lumpkin Ave., 


Eaton St., Bridgeport, 


Avenue, Gary, 


Co.) 


SVENDSEN. EDWARD 


505 No. Greenlawn Ave., 
South 


tend, Indiana «U. S. Rubber Co.) 

SVETLIK, J. F., 1404 Phillips Avenue, Phillips, 
Texas (Phillips Petroleum Co.) 

SWANSON, JOHN W., 1231 So. Memorial Dr., 
Appleton, Wisconsin (Institute of Paper Chem.) 

SWART, GILBERT H., R. D. 16. Box 488, Akron 
19, Ohio (General Tire & Rubber Co.) 

SWAY, BORIS, Dana & Floral Ave., 
Ohio 

SWEELY. JAMES S.. 24 Country 


Swarthmore, Pa. (Sun Oil Co.) 


Cincinnati 


Club Lane, 
SWEET, D. L., 2466 - 6th Street. Cuyahoya Falls. 
Ohio (General Tire & Rubber Co.) 
SWEET, HAROLD A., 731 Boulevard. 
N. J. (General Dyestuff Corp.) 
SWETT, ADELBERT P.. 61 Colburn, 

Mass. (Felt Process Co.) 

SYMONS, L. M., 23110 Oak Glen Dr., 
Michigan «(U. S. Rubber Co.) 
SYMONS, RALPH B., 3571) Main 

R. 1. «Technical Sales Avent) 
SZAYNA, ANTONI, 43 Hivch Street, Passaic, N. J 
(U. S. Rubber Co.) 


Westfield, 
Westwood, 
Detroit 19, 


Road, Tiverton, 


SZILARD., J. A., 321 Hyslip Avenue, Westfield, N. J. 
(General Cable Corp.) 

SZULIK, RAYMOND W., 168 Merrimac St., New 
Bedford, Mass. ‘Acushnet Process Co.) 


TAFT, GEORGE H., 9 Monument St., Concord, 
Mass. (Deecy Products) 

TAFT, WILLIAM K., 712 Evergreen Dr., 
Ohio (Univ. of Akron Govt. Labs.) 
TAITEL, MAX, 294 Washington Ave., Chelsea 50, 

Mass. ‘Union Bay State Chem.) 

TALALAY, ANSELM, 131 W. Park Ave., 
Haven 11, Conn. (Sponge Rubber Prod.) 

TALALAY, JOSEPH A., 49 Park Road, New Haven 
11, Conn. (Sponge Rubber Products) 

TALLMAN, CHARLES V., R.F.D. 1, Box 310, 
Manchester, N. H. (U. S. Rubber Co.) 

*TANAKA, YUTAKA, c/o Meiji Rubber Wks., Ltd., 
258 Kitashinagawa 3-chome, Shinagawa-ku, 
Tokyo, Japan 

TANGENBERG, HOWARD, 635 Sackett, 
Falls, Ohio (1B. F. Goodrich Co.) 

TANNER, WALTER J., 136 Hillman 
Rock, N. J. 

*TANNEY, S. A., 2883 Kent Rd., Silver Lake, Cuya- 
hova Falls, Ohio (Tanney-Costello, Inc.) 

TAUBER, ING RUDOLF, Eislingen, Wilhelmstrasse 
59, Germany 

TAVENOR, ALBERT S., 2844 Harlan St., Indian- 
apolis, Ind. (U. S. Rubber Co.) 

TAWNEY, PLINY O., 279 Brook Ave., Passaic, N. J. 
‘U. S. Rubber Co.) 

TAYLOR, GAVIN A., 715 Belvidere Ave., Westfield, 
N. J. «Enjay Co.) 

TAYLOR, RICHARD R., 519 Ridge Rd., Middletown, 
Conn. (Goodyear Tire & Rubber Co.) 

TEAGUE, M. C., 3414 - Ist St., Jackson Hts., N. Y. 
(U. S. Rubber Co.) 

TEGROTENHUIS, T. A., Columbia Road, Olmsted 
Falls, Ohio (Evans & McCoy) 

TEMPLE, JOHN W., 13015 E. Outer Drive, Detroit 
24, Mich. (U. S. Rubber Co.) 

TENBROECK, W. T. L., c/o Goodyear-Nabara, 
Landbouw Mij NV, Chemical Res. Dept., Dolok 
Merangir Estate, P. O. Serbalawan, E. Coast 
Sumatra, Indonesia 

TESTON, REBECCA O’'D., 52 Brooklawn Ave., Glen- 
brook, Conn. (Eastern Rubber Spec.) 

TEWEL, KENNETH M., 514 Lynnwood Dr., Hunt- 
ington, Ind. (Schacht Rubber Mfg. Co.) 

‘THAYER, ALLYN K., 3164 Chadbourne Rd., 
Cleveland 20, Ohio (C. K. Williams & Co.) 

THIES, H. R., R. D. 3, Kent, Ohio (Goodyear Tire 
& Rubber Co.) 

THIESSEN, GILBERT, 6625 Woodwell St., 
burgh 17, Pa. «Koppers Co., Inc.) 

THOMAN, RAY, 2727 N. 
(Gates Rubber Co.) 

THOMAS, BERNICE R., 227 Philadelphia Pike, 
Wilmington, Del. (E. I. duPont de Nemours & 
Co., Ine.) 

THOMAS, ROBERT E., 109 Grant St., Needham 92, 
Maes. (General Latex & Chem. Corp.) 

THOMAS. R. M., Chemical Div., Standard Oil Dev. 
Co., P. O. Box 51, Linden, N. 

THOMAS, WILLIAM J., 228 S. Oxford Ave., Los 
Angeles, Calif. (Firestone Tire & Rubber Co.) 
THOMPSON, BARTON H., 383 Dalehurst Ave., Los 

Angeles 24, Calif. (Dura-flex Co.) 

THOMPSON, DONALD C., Chestnut Drive, Woods- 
town, N. J. +E. I. duPont de Nemours & Co., 
Inc.) 


Akron, 


New 


Cuyahoga 


Ave., Glen 


Pitts- 


Speer, Denver, Colo. 
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THOMPSON, EDGAR W., Glenview, Ky. (E. I. du- 
Pont de Nemours & Co., Ine.) 

THOMPSON, OWEN A., 145 W. 6th St., Dunkirk, 
N. Y. (Acushnet Process Co.) 

THOMSON, A. FARLEY, 411 Piquette Ave., Detroit 
2, Mich. (Minnesota Mining & Mfg.) 

THORNHILL, FRED S., 980 Whittier Ave., Akron 


20, Ohio (Columbia-Southern Chemical Corp.) 
THORNTON, JAMES H., 86 Washington St., Read- 
ing, Mass. (Boston Woven Hose & Rubber Co.) 
THRODAHL, MONTE C., 1926 Benedict Circle, St. 

Albans, W. Va. (Monsanto Chemical Co.) 
= H. J., 634 Goodrich Ave., St. Paul 5, 
Minn. (Minnesota Mining & Mfg.) 
TIFFT, GEORGE H., 199 Oakdale Ave., Apt. 2, 
Akron 2, Ohio (B. F. Goodrich Co.) 

TIGER, GEORGE J., Mendham Rd., Gladstone, N. J. 
*TILLOTSON, NEIL E., 205 Rosemary St., Needham 
Hts., Mass. (Tillotson Rubber Co.) 
TINGEY, HAROLD C., 216 Rutgers PIl., 

N. J. (U. S. Rubber Co.) 
TINKFR. J. M., 106 W. 42nd St.. Wilmington, Del. 
(E. I. duPont de Nemours & Co., Inc.) 


Nutley 10, 


TINSLEY, SAMUEL H., 23 Oak Crest Rd., Darien, 
Conn. (R. T. Vanderbilt Co.) 

TOBEY, HUGH R., 4300 N. Haven Ave., Ft. Wayne 
4. Ind 

TOLIN. F. MeCAWLEY, 571 Baeder Rd., Jenkin- 
town, Pa. (Alco Oil & Chem. Co.) 

TOMI.IN. ANDREW. Oviatt, Hudson, Ohio 
(Monsanto Chemical Co.) 

TOONDER, FRANK E., 122 Franks Ave., Wads- 


worth, Ohio (Columbia-Southern Chemical Corp.) 

TORIAN, ROBERT L., 7420 Pike View Ct., Lake- 
wood, Colo. (Gates Rubber Co.) 

TORRENCE. MAYNARD F., 126 Washington, Woods- 
town, N. J. (FE. I. duPont de Nemours & Co., 
Inc.) 

TOTH. JOSEPH, 
‘Sunlite Mfg.) 

TOWLE, JOHN G., 1039 Brown St., 
(General Tire & Rubber Co.) 

TRAFLET, FREDERICK E., 39 Elm S&t., 

. J. (Pequanoe Rubber Co.) 
A. G., 1567 Quarrier St., 
W. Va. (United Carbon Co.) 
K. C., Vernay 
Springs, Ohio 

TREUE. ROBERT C., 1637 Philadelphia Dr., 
6, Ohio (Dayton Rubber Co.) 

TRIMBLE, GILBERT K., 5315 Waterman Blvd., St. 
Louis 12, Mo. (Midwest Rubber Reclaiming Co.) 

TRONSON, JOHN L., Newton Ave. and Muriel St., 
Norwalk, Conn. (R. T. Vanderbilt Co.) 

TRUMBULL, HARLAN L., 45 Division St., 
Ohio (Retired) 

TUCKER, C. M., 707 Dixon, 
Chemical Co.) 


1126 S. 29th St., Milwaukee, Wisc. 


Akron 1, Ohio 
Butler, 
Charleston 
Yellow 


Laboratories, 


Dayton 


Hudson, 


Texas (Phillips 


Boi ger, 


TUCKER, HAROLD, B. F. Goodrich Res. Center, 
Dept. 8530, Brecksville, Ohio 

TUCKER, JOHN D., JR., 3922 Broadway, Ellendale, 
Tenn. (Firestone Tire & Rubber Co.) 

TUCKER, REX L., 1250 Roosevelt Dr., Noblesville. 


Ind. (Firestone Ind. Prod.) 
TULEY, W. F., Naugatuck Chemical Div., U. S. 
Rubber Co., Naugatuck, Conn. 
TUTTLE, FRANCIS J., 52 W. Brown St., 
New Jersey 


Somerville, 


*TYNG, STEPHEN H., 38 Fairview Rd., Weston, 
Mass. (Naugatuck Chemical Div.) 


U 


UNDERWOOD, W. FRED, 317 North Elmwood Ave., 
Oak Park, Il. 


*UNDERWOOD, H. B., 


ich. 


9084 Beverly Ct., Detroit 4, 


URANECK, CARL A., 701 


Phillips Ave., 
Texas (Phillips Petroleum Co.) 


Phillips, 


URBAN, STEPHEN E., 211 East Foster Street, 
Melrose 76, Mass. (B. B. Chemical Co.) 
URBANIC, ANTHONY J., 753 Greenwood Ave., 


Akron 2, Ohio (General Tire & Rubber Co.) 
URBON, JOHN P., 238 Rhodes Ave., Akron 2, Ohio 
(Goodyear Tire & Rubber Co.) 
UVA, PASQUALE A., 248 South St., 


Mass. 


Holbrook, 


VACCA, G. N., 6 Watchung PI., 
(Bell Telephone Co.) 


Summit, N. J. 


*VAKOUSKY, WALTER, Sponge Rubber  Prod., 
Howe Ave., Shelton, Conn. 
VALKO, Road, Mountain 


EMERY I., 5 Lookout 
Lakes, N. J. 
VAN BUSKIRK, EDWARD C., 115 S. 


Ellsworth PL, 
South Bend 17, Ind. (U. 


S. Rubber Co.) 


VANCE, ROY M., Beechwood Dr., Mentor, Ohio 
(Ohio Rubber Co.) 

VAN CLEEF, PAUL, 927 Whittier Dr., Beverly Hills, 
Calif. (Industrialist) 

VAN DELLEN, ROSS E., 950 S. 47th St‘, Louisville, 
Ky. (Ky. Synthetic Rubber Co.) 

VANDENBERG, E. J., 2506 Carr Ave., Blue Roeks 
Manor, Wilmington, Del. (Hercules Powder Co.) 


*VAN LEDE, WILLIAM J., 15 East 91st St., New 
York 28, N. Y¥. (Ledel, Inc.) 
VAN NIMWEGEN, GARRETT, 
Niagara Falls, N. Y. 


8624 Pershing Ave., 
(Carborundum Co.) 


VAN PATTEN, ROBERT, 48 Woodlawn Ave., 
Needham, Mass. 

VAN PATTER, YATES, 15185 Carretera’ Dr., 
Whittier, Calif. (Caram Mfg. Co.) 


VAN RIE, HAROLD F., 220 S. Race St., Mishawaka, 
Ind. (U. S. Rubber Co.) 

VAN SANTEN, MR., ¢ o Bibliotheek-Centrale, N. V. 
Philips Gloeilampen-fabrieken, Eindhoven, 
Holland 

*VAN VALKENBURGH, E. A., Greene, 
County, N. Y. (Consultant) 

VALKENBURGH, H. F., 33 Berkley 
Buffalo 9, N. Y. (Dunlop Tire & Rubber Co.) 

VAN VOLKENBURGH, ROSS, Box 831, 
Texas (J. M. Huber Corp.) 

VAN WEERDEN, W. J., Willem Witsenplein 6, 
Den Haag, Netherlands 

*VAN WYCK, D. Y., Benoordenhoutse Wee 20G, 
Den Haag, Holland (Netherland Plastics Inst.) 

VARNEY, ALLEN M., 705 - 20th St., Apt. 5, Reek 
Island, Ill. (Servus Rubber Co.) 

*VAUGHAN, M. C., Aurora, Ohio (Witco Chemieal 
Co.) 

VEITH, ALAN G., 1090 Hartford Ave., Akron, Ohio 

VENUTO, LOUIS J., 3808 - 222nd St., Bayside, L. L, 
N. Y. (Binney & Smith Co.) 

VERBANC, JOHN J., 13 E. Salisbury Dr., 
Terrace, Wilmington, Del. (E. I. 
Nemours & Co., Inc.) 

VERDE, LOUIS S., 1149 California Rd., 
Muehls tein & Co.) 

VERES, MICHAEL, 123-25 - 82nd Ave., Apt. 5V, 
Kew Gardens, N. Y. (Airkem, Inc.) 

*VERNET, SERGIUS, Yellow Springs, Ohio 

VIEWEG, HERMANN F., 647 Lincoln Road, 
Point 30, Mich. (U. S. Rubber Co.) 

VILLARS, D. S., 703 Saratoga Ave., China Lake, 
Calif. «U. S. Naval Ordnance Test Station) 

VIOHL, PAUL, 58 Hillman Ave., Glen Rock, N. J. 
(U. S. Rubber Co.) 


Chenango 


Borger, 


Edgemoor 
duPont de 


Eastchester, 


Grosse 
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VIRGIN, CARL W., 10 S. Main St., Yardley, Penna. 

VODRA, V. H., 14590 Longacre Rd., Detroit 27, 
Mich 

VOET, ANDRIES, 1310 Jolly St., 
(J. M. Huber Corp.) 

VOGEL, MAX R., Edvewood Ave., M. R. 35, 
Pa. (Binney & Smith Co.) 

VOGT, C. C., 1298 Wheatland Ave., Lancaster, Pa. 
iChem. & Plastics Section, O.1.M.G.) 

VOGT, W W., 189 Pasadena Ave., Akron 3, 
(Goodyear Tire & Rubber Co.) 

VOIGT GORDON A.. 1915 Plainfield Ave.. 
Plainfield, N. J. (Niayvara Rubber Corp.) 
*VOLKMAN, ROY G., 179 Potters Ave., 
Rhode Island (U. S. Rubber Co.) 

VON FISCHER, WILLIAM, 1792 Maywood Rd., 
S. Euclid 21, Ohio (Case Inst. of Tech.) 
VOORHEES, VANDERVEER, ¢ © National Motor 
Bearing Co., Redwood City, California 
VORMELKER, PHILIP S., 4320 State Ave., 
Ashtabula, Ohio (Hershberg Products Co.) 
VOSS, CARROLL C., 46 Stitt St., Wabash, Ind. 
(General Tire & Rubber Co.) 
VOSTOVICH, JOSEPH E., 59 Trumbull Ave., 
Milford, Conn. (General Electric Co.) 
®VRISSIMDJIS, K. E., 


Produits Chimiques, 


Borger, Texas 


Easton, 


Ohio 


Greenwood, 


Industrie du Caoutchoue 
Athens, Moshate, 


et de, 


Greece 
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FRED C., 1736 Deerwood, Louisville 5, 


WAGNER. 


Ky. (DuPont) 
WAGNER, RICHARD H., *12 N. Nicholas Ave., 
Fullerton, Calif. 
WAHL, CHARLES W., 


Hewitt-Robins, Ine., 
Buffalo 5, N, 

HARVEY L., 3131 D. Ave., N. E., 
lowa (Hawkeye Rubber Mfg. Co.) 


Road, 


WAHN., Cedar 
Rapids 

WAKEFIELD, HAROLD F., 77 Beverley 
Upper Montclair, N. J. «Bakelite Co.) 

WAKEFIELD, LYNN B., 140 Crescent Drive, Akron 
1, Ohio (Firestone Tire & Rubber Co.) 

WAKEMAN, REGINALD L., 1015 East 16th St., 
Brooklyn, N. Y. (Onyx Oil & Chem. Co.) 

WALDEN. HAL W., 1519 Edwards Ave., Indianapolis 

27, Ind. «(U. S. Rubber Co.) 

WALDMAN. HARVEY N., 
Cincinnati 37, Ohio (Polyme: 

WALKER, HERBERT W 29 
Woodstown, N. J. «Du Pont) 

WALKER, LAWRENCE H., 2s 
Akron 3, Ohio 

WALL, JAMES R.. 146 Sumner Blvd., Collinsville, 
Illinois «Aluminum Co. of America) 

WALL, JAMES R., Inland Mfg. Div., General Motors 
Corp., Box 1050, Dayton 1, Ohio 

WALLACE, GEORGE H., 1623 Delia Avenue, Akron 
20, Ohio (Firestone Tire & Rubber Co.) 

WALLDER, V. T., 72 Whitford Avenue, Nutley 19, 
N. J. ¢Bell Telephone Labs.) 

WALLGREN, CHARLES W., 333 E 
Ridley Park, Pa 

WALSH, JOHN MARTIN, 107 Avondale 
Akron 2, Ohio (Xylos Rubber Co.) 

WALSH, ROBERT H., 76 West 
New Jersey 

WALTON, CHARLES W., R. F. 10, New Brighton 
12, Minn. (Minn. Mining & Mfg. Co.) 

WALTON, J. C., 455 Glen Road, Weston 93, Mass. 

WARD, A. L., 108 Colwyn Lane, Bala-Cynwyd, Pa. 
(Pa. Ind. Chem. Corp.) 

WARNER, J. P., 6237 Jefferson Highway, Baton 
Rouve, La. «Esso Std. Oi) Co.) 


Greenland Place, 
Chemical Co.) 


Lane, 


Kresswold 


Florida Court, 


Hinckley Ave °° 
Drive, 


Avenue, Woodstown, 


WARNER, ROBERT R., 
ton, Delaware 

WARNER, W. C., 2365 Grant Avenue, Cuyahoga 
Falls, Ohio (General Tire & Rubber Co.) 

WARRELL, J. E., 752 W. South Street, Carlisle, 
Pennsylvania (Carlisle Tire & Rubber Div.) 

WARREN, R. M., Ass’t Secretary of A. C. S., 1155 
Sixteenth Street, N. W., Washington 6, D. C. 

WASHBURN, C. R., 11400 Cashmere Street, Los 
Anveles, California (Goodyear Tire & Rubber Co.) 

WATERMAN, RAYMOND R., R. F. D. 2, Stepney, 
Connecticut (R. T. Vanderbilt Co.) 

WATERS, JOSEPH E., 408 Prospect Street, Westfield, 
New Jersey (General Cable Corp.) 

WAUGH, BRYSON P., 99 Patton 
Ontario, Canada 

WAUCGH, GEORGE P., 88 Corona Road, Rochester 13, 
New York (Eastman Kodak Co.) 

WAYMIRE, RICHARD C., 3824 Addison Avenue, 
Dayton 5, Ohio (Inland Manufacturing Div., 
GMC) 

WEATON, GEORGE F., Weatahome Hills, R. F. D. 
1, Monaca, Pennsylvania (St. Joseph Lead Co.) 

*WEATON, RALPH L., R. D. 1, Monaca, Pennsyl- 
vania (St. Joseph Lead Co.) 

WEBB, F. J., 1164 Valdes Avenue, Akron 20, Ohio 
(Firestone Tire & Rubber Co.) 

WEBER, EDGAR N., 51 W. Boylston Street, Water- 
town 72, Massachusetts (Hood Rubber Company) 

WEDD, RALPH W., 255 Fountain Street, Akron, 
Ohio 

WEELDENBURG, IR. J. G., Algemene 
Unie, Velperweg 76, Arnhem, Holland 

WEFSE, LEROY J., Route 1, Box 300, Uniontown, 
Ohio (Goodyear Tire & Rubber Co.) 

WEHMER, FRED J., 2185 Arcade Street, St. Paul, 
Minnesota ‘Minnesota Mining & Mfg.) 

WEIDNER, CHARLES L., Main Street, Cranbury, 
New Jersey (Industrial Tape Corp.) 

WEIL, RICHARD, 17181 Mansfield 
35, Michigan (Consultant) 
WEINSTEIN, ARTHUR H., 96 South Maple Street, 
Akron, Ohio (Goodyear Tire & Rubber Co.) 

WEISS, ERNEST ARNOST, 608 Latona Avenue, 
Trenton, New Jersey (National Automotive 
Fibres) 

WEISS, HENRY J., 7435 Shisler Street, Philadelphia, 
Pennsylvania (Rohm & Haas Co.) 

WELCH, DAVID E., Box 45, Solebury, Pennsylvania 

WELCH, L. MARSHALL, 201 Central Avenue, 
Madison, New Jersey (Carter Bell Chemical 
Corp.) 

WELCH, WILLIAM, Park Plaza Hotel, St. Louis, 
Missouri «(Midwest Rubber Rec. Co.) 

WELLER, S. L., 1033 Dempster Street, 
Illinois +E. I. DuPont) 

WENING, HERMAN E., 1111 W. Fairview Avenue, 
Dayton 6, Ohio (Inland Manufacturing Div.) 
WENTWORTH, VICTOR HAROLD, Anchor Works 
British Insulated, Callender’s Cables Ltd., Leigh 

Lancs, England 

WERKENTHIN, THEODORE A., 4601 Second Street 
South, Arlington 4, Virginia (Bureau of Ships, 
Navy Dept.) 

WERNER, BYRON H., 1632 Rockford St., Akron 19, 
Ohio 

VERNERSBACH, JAMES F., 669 Brown St., Akron, 
Ohio 

WESCOTT, LAURENCE A., 115 Mt. Auburn Street, 
Cambridge, Mass. (Bostc™ ven Hose) 

WESTERMAN, R. G., 17236 «.: een, Detroit 19, 
Michigan (Ford Motor Corp.) 

*WESTREN, J. H., 570 Queens St., E., Toronto, Ont., 
Canada (Dunlop Tire & Rubber Goods Co.) 
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WEIGAND, WILLIAM B., Bernardston, Massachu- 
setts (Columbian Carbon @. ) 


WETHERBEE, BURT, 1510 S. Park Avenue, Buffalo, 


New York (Wetherbee Chemienl Co.) 
WEYMOUTH, HAROLD D., 116 Edgemont Street, 
Springfield, Massachusetts (Shawinigan Resins 
Corp.) 
WHEELOCK, GEORGE L., Box 642, Rt. 4, Akron 
19, Ohio (B. F. Goodrich Chemical Co.) 
WHITACRE, HAROLD M., 2883 Sixteenth Street, 


Cuyahoga Falls, Ohio (Akron Chemical Company) 
WHITBY, G. S., 123 N.' Portage Path, Akron 3, 
Ohio (University of Akron) 
WHITE, ARTHUR W., 1034 Madison Street, Denver, 
Colorado (Gates Rubber Co.) 


WHITE, EDWARD L., 134-10 Jewel Avenue, Kew 
Garden Hills, New York (National Lead Co.) 
WHITE, HUBERT A., 28 Rue D’ostende, Luxem- 
bourg (Grand Duchy) (Goodyear, S. A.) 

*WHITE, L. E., Walker Brothers, Conshohocken, 
Pennsylvania 

WHITE, L. M., 26 Fischer Avenue, Nutley, New 
Jersey (U. S. Rubber Co.) 

WHITE, ROBERT K., 135 Streetsboro Street, 


Hudson, Ohio (R. T. Vanderbilt Co.) 
*WHITESIDE, JOHN W., 524 Marlay Road, Dayton 
5, Ohio (Inland Manufacturing Div.) 
WHITON, ALFRED C., 2201 E. Bailey Rd., 

hoga Falls, Ohio 
“WHITTAKER, WILLIAM H., 


Cuya- 


1219 Falls Avenue, 


Cuyahoga Falls, Ohio (Herron Bros. & Meyer, 
Inc.) 

*WIARD, WILLIAM A., 4381 Balfour Road, Detroit, 
Michigan (Dow Corning Corp.) 

WICK, MELIUS ORRIN, 522 Ripley Avenue, Eau 
Claire, Wisconsin (U. S. Rubber Co.) 

WICKS, LEONARD W., 211 N. Vernon Avenue, 
Dearborn, Michigan (US. Rubber Co.) 

WIDENOR, WILLIAM M., 679 B Shaler Blvd., 


Ridgefield, New Jersey (New Jersey Zine Co.) 
WIGHTMAN, A. M., 1853 Rutland Drive, Dayton, 
Ohio (Dayton Rubber Co. 

WILCOX, FRANK W., 6200 West 5lst 
Chicago, Ilinois (Witeo Chemical Co.) 
WILEY, HOWARD L., 2785 Via Campesina, 

Verdes Estates, Calif. (Rubbereraft Corp. 
Calif.) 
WILEY, 
worth, 
WILHELM, 
(United 
WILKINSON, J. 
Quebec City, 
Rubber Co.) 
WILLCOTT, LEE L., 


Street, 


Palos 
of 
ROGER 0O., 57 Fairview Avenue, Wads- 
Ohio (Seiberling Rubber Co.) 

PAUL H., Box 122, Satanta, Kansas 
Carbon Co.) 

T., Industrial 
Quebec, Canada 


Center No. 5, 


(Goodyear Tire & 


1006 N. Mariposa Avenue, Los 


Anveles, California (Lamb Rubber Corp.) 

WILLIAMS, A. E., JR., 890 Lawton Street, Akron 
20, Ohio (B. F. Goodrich Co.) 

WILLIAMS, C. S., Medford Lakes, Medford, New 
Jersey (Retired) 

WILLIAMS, E. R., 86 Fairview Ave., N. Plainfield, 
N. J. (Johns Manville Res. Center) 

WILLIAMS, ERVIN R., 3108 E. Edgerton Rd., 
Silver Lake, Cuyahoga Falls, Ohio (Harrison & 
Morton Labs.) 

WILLIAMS, GORDON E., 940 Beach Ave., 
LaGrange Park, 

WILLIAMS, H. LEVERNE, Research & Dev. Div., 
Polymer Corp., Ltd., Sarnia, Canada 

WILLIAMS, IRA, c/o J. M. Huber Corp., Drawer 
831, Borger, Texas 

WILLIAMS, JOHN A., 72 Standish Rd., Wellesley 
Hills 82, Mass. (Haartz-Mason, Inc.) 
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WILLIAMSON, JAMES E., 4 Florence St., Andover, 
ass. (Tyer Rubber Co.) 
WILLIS, JAMES M., 625 Orlando Ave., Akron 20, 


Ohio (Firestone Tire & Rubber Co.) 


WILLSON, EDWARD A., 141 Avondale Dr:, Akron 
2, Ohio (B. F. Goodrich Res. Center) 

WILLUMS, JAN, Hvidovrevej 310, Copenhagen, 
Denmark (Phillips Chemical Co.) 

WILNER, MARVIN J., 49 Peter Parley Rd., Boston 
30, Mass. (Plymouth Rubber Co.) 

*WILSON, B. BRITTAIN, 386 Fourth Ave., New 
York 16, N. Y. 

*WILSON, DEVON, 160 East Main St., Wabash, 
Indiana (General Tire & Rubber Co.) 

WILSON, H. W., 2068 - 25th St., Cuyahoga Falls, 


Ohio (Goodyear Tire & Rubber Co.) 


WILSON, JOHN, Brunhold, 208 Bramhall Lane S., 
Bramhall Stockport, Cheshire, England (British 
Rayon Res. Assoc.) 

*WILSON, J. PAUL, Box 70B - R. No. 1, 
Clearwater, Fla. 

WILSON, MATTHEW W., 2242 - 14th St., Cuyahoga 
Falls, Ohio (B. F. Goodrich Co.) 

WILSON, ROBERT L., 9412 S. Hoyne Ave., Chicago, 


Ill (Wm. Wrigley Jr., 
WILSON, T. L., 
N. J. 


Co.) 


4 Norman Road, Upper Montclair, 


(U. S. Rubber Co.) 

WILSON, W on D., 484 Westbrook Rd., Ridge- 
wood, N. J. 5g Vanderbilt Co.) 

WILSON, WARREN A., 2938 Hastings Rd., Silver 
Lake, Cuyahoga Falls, Ohio 

WING, HARDING L., 106-15 - 31st Ave., E. Elm- 
hurst 69, N. Y. (Stein Hall & Co.) 

WINKELMANN, H. A., 419 Oakdale Ave., Chicago 
14, Ill. (Dryden Rubber Div.) 

WINN, HUGH, 1180 Riverside Dr., Akron, Ohio 


Tire & Rubber Co.) 


GEORGE G., 1449 Chetwynd Ave., 
N. J. (R. T. Vauderbilt Co.) 


(Firestone 
WINSPEAR, 
Plainfield, 


“WIRTH, HAROLD E., 9515 Bexhill Dr., Rock Creek 
Hills, Kensington, Md. (Firestone Tire & Rubber 

WISE, LEONARD G., 2 Edgewood Rd., Alapoeas, 
Wilmington, Del. (E. I. duPont de Nemours & 
Co., Ine.) 

WISENBURG, RALPH D., R. F. D. 2, Coshocton, 
Ohio (Edmont Mfg. Co.) 

WISHNICK, ROBERT I., 575 Park Ave., New York 
17, N. Y. (Witco Chemical Co.) 

WOERNER, F. W., 1742 Alvira St., Los Angeles 85, 
Calif. (Los Angeles Standard Rubber Co.) 


WOERNER, LAVERNE A., 278 - 4th St., N. E., 


Carrollton, Ohio (Surety Rubber Co.) 
WOERNLE, ARTHUR K., 109 Berks St., Easton, Pa. 
(C. K. Williams & Co.) 
WOHLER, LEONARD A., Box 332, R. D. 14, Bath 
Rd., Akron, Ohio (Firestone Tire & Rubber Co.) 
WOLCZYNSKI, THADDEUS, 5074 Burns Ave., 


Detroit 13, Mich. (U. S. Rubber Co.) 

WOLF, ARTHUR, 713 Elm St., Chevy Chase 15, Md. 
(Rubber Div., Defense Prod. Adm'n) 

WOLF, GEORGE M., 2223 Winthrop Rd., Trenton, 
Mich. (Sharples Chemicals, Ine.) 

WOLF, RALPH F., R. D. 10, Box 518, Akron 19, 
Ohio (Columbia-Southern Chcmical Corp.) 

WOLFANGEL, R. D., 1305 Hammel St., Akron, Ohio 
(Firestone Tire & Rubber Co.) 

*WOLOCH, GEORGE, §& East 62nd St., New York, 
N. Y. (George Woloch Co., Inc.) 

WOLSTENHOLME, WILLIAM E., 223 Prospect St., 


E. Orange, N. J. (U. S. Rubber Co.) 
WOOD, LAWRENCE A., 6902 Maple Ave., Chevy 
Chase 15, Md. (Nat'l Bur. of Standards) 
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WOOD, ROBERT E., 2069 Myrtledale Ave., Baton 
Rouge, La. (Esso Standard Oil Co.) 
WOODBURN, RALPH R., Goodyear Nabara Land- 
bouw, Mij NV, Serbelawan, Sumatra, Timur, 
Republic of Indonesia 
WOODCOCK, W. A., 57 Dumbarton Dr., Huntington, 
L. 
WOODs, 
England 
WOODWARD, 
S. Plainfield, 
& Co., Inc.) 
WRIGHT, DONALD D., 127 Barnard 
town, Mass. (Hood Rubber Co.) 
WUERCH, ELDON E. Spring St. St. 
Mary's, Ohio (Goodyear Tire & Rubber Co.) 
*WUERTH, H. L., c/o B. F Goodrich Chemical Co., 
24th Fir. - 475 Fifth Ave., New York 17, N. Y. 
BWURTZ, JACK, 1100 N. Walnut Grove Ave., San 
Gabriel, Calif. (Arrowhead Rubber Co.) 
WYROUGH, GEORGE J., 102 School Lane, Trenton, 
N. J. ¢R. E. Carroll, Ine.) 


I., N. Y. (Carbide & Carbon Chemicals Co.) 


ARTHUR D., 15 Baslow Rd., Leicester, 
AMERICUS H., 2364 Linden Ave., 
N. J. (E. I. duPont de Nemours 


Ave., Water- 


Y 
YAHN, ROBERT B., 102 Main St., Monson, Mass. 
®YANG, SHIH-MING, 3300 S. Michigan Ave., 
Chicago 16, TH. (inois Inst. of Tech.) 
YELMGREN, ALDEN E., 
FYOKO!, KEIRO, 2250 
Kanagawa Pref, Japan 
YORAN, CALVIN S., 713 Dodge St., W. 
Ind. (Brown Rubber Co.) 
YOSSUNDERA, SOMCHITR, Mitt Shaduny, 333 
Chareen Krung Rd., Bangkok, Siam 
YOUKER, M. A., 23 Cragmere Rd., Wilmington, Del. 
(E. I. duPont de Nemours & Co., Ine.) 
YOUMANS, E. D., 59 Club Rozd, Upper 
N. J. (Okonite Co.) 
SYOUMANS, ROBERT A., Shorefront Pk., South 
Norwalk, Conn. (R. T. Vanderbilt Co.) 
YOUNG, DAVID W., 617 Salter PL, Westfield, N. J. 


tox Borger, Texas 
Shinjuku Zushi-machi, 
(Yokohama Rubber Co.) 
Lafayette, 


Montclair, 


YOUNG, GEORGE QO., 788 Hawthorne, Grosse Pts. 
Woods 30, Mich. (U. S. Rubber Co.) 

YOUNG, J. H., 3902 S. Harmon St., Marion, Ind. 

YOUNG, KENNETH C., 35 Drift St., New Bruns- 
wick, N. J. (Industrial Tape Corp.) 

*YOUNG, RICHARD B., Beacon, Mattapoisett, Mass. 
(Acushnet Process Co.) 

YOUSE, LAWRENCE K., 67 Abbotsford Rd., 
N. Plainfield, N. J. (Kentile, Inc.) 


Z 

ZAK, JOSEPH P., 1127 W. Division St., Chicago 
22, Ill. (Joseph Zak Co.) 

ZALLEN, JOSEPH, 144 Upland Ave., Newton High- 
lands 61, Mass. (Mass. Inst. of Tech.) 

ZAPP, R. L., ¢/o Standard Oil Dev. Co., P. O. Box 
15, Linden, N. J 

ZELLER, JOSEF D., Wilton Arms, Wilton, Conn. 
(Armstrong-Norwalk Rubber Corp.) 

ZEMAITIS, JOSEPH F., Route 1, Box 228, Burling- 
ton, Wise. (Burlington Mills, Inc.) 

ZIEGLER, PAUL F., 300 Locust Rd., Winnetka, HI. 
(Bauer & Black) 

ZIEGLER, WARREN F., Hadde Ave., Cumberland 
Hill, R. F. D., Manville, R. 1. «U. S. Rubber Co.) 

ZIMMERMAN, A. O., 648 S. Hawkins Ave., Akron 
20, Ohio ‘Goodyear Tire & Rubber Co.) 

ZIMMERMAN, C. L., N-303 Cincinnati, Union 
Terminal, Cincinnati 3, Ohio 

ZPMMERMAN, E. C., 145 S. Firestone Blvd., Akron, 
Ohio (Firestone Tire & Rubber Co.) 

“ZIMMERMAN, ELMER W., 6708 - 46th St., Chevy 
Chase, Md. (Nat’l Bur. of Standards) 

ZIMMERMAN, JUNE S., 826 Dee Road, Park Ridge, 
Ill. (Underwriters Laboratories) 

ZIMMERMAN, R. THOMAS, 17 Elm Place, New 

Canaan, Conn. (R. T. Vanderbilt Co.) 

ZMIJEWSKI, WALTER J., 16 Devereux St., Marble- 
head, Mass. (LePage’s, Inc.) 

ZWICKER, BENJAMIN M. G., 172 Rentham Rd., 
Akron 13, Ohio (B. F. Goodrich Co.) 
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